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PUBLICATION DISSERTATION OPTION 
The Introduction section of this dissertation provides background information 
about the research topic and objectives. The body of this dissertation has been compiled 
in the format for publication in peer-reviewed journals. Four papers have been included 
in the following order. The first paper, “Structural study of Na2O–FeO–Fe2O3–P2O5 
glasses by high-pressure liquid chromatography” was published in the Journal of Non-
Crystalline Solids, in volume 387, pages 16-20, 2014. The second paper, “Structural 
study of Na2O–FeO–Fe2O3–P2O5 glasses by Raman and Mössbauer spectroscopy,” was 
published in the Journal of Non-Crystalline Solids, in volume 402, pages 64-73, 2014. 
The third paper, “Thermal stability of Na2O–FeO–Fe2O3–P2O5 glasses,” will be 
submitted to the Journal of Non-Crystalline Solids in Aug 2014. The fourth paper, 
“Dissolution behavior of Na2O–FeO–Fe2O3–P2O5 glasses,” will be submitted to the 
Journal of Non-Crystalline Solids in Sep 2014.  
The appendices include one paper in the form of manuscript for the Journal of 
Non-Crystalline Solids and experimental results not covered in the main body of this 
dissertation. The paper, “Dissolution behavior of Na2O–CaO–P2O5 glasses,” will be 
submitted to the Journal of Non-Crystalline Solids in Sep 2014. The second manuscript, 
“Dissolution behavior of Na2O–FeO–Fe2O3–P2O5 glasses in alkali aqueous solutions,” 




The solubility of phosphate glasses in aqueous solutions can be tailored through 
compositional control to obtain a wide range of ion release rates required for a variety of 
applications. The principal objective of this dissertation is to advance the understanding 
of the dissolution behavior of phosphate glasses in aqueous environments.  
Two families of glasses, sodium-iron phosphate (NFP) glasses and sodium-
calcium phosphate (NCP) glasses, were evaluated. The dissolution behavior depends on 
the phosphate anions that constitute the glass structure and the associated metal (Me) 
cations. The phosphate glass structure, defined by the distribution and average size of 
phosphate anions and depending on the O/P and Me/P ratios, was determined by high-
pressure liquid chromatography and Raman spectroscopy; Mössbauer spectrometry 
provided information about the coordination environment of iron. This structural 
information is used to explain the compositional dependence of the thermal properties 
and crystallization tendency of NFP glasses and melts, and the aqueous corrosion 
behavior of NFP and NCP glasses. 
Phosphate glass dissolution data are fit to different kinetic models which describe 
the glass dissolution mechanisms. Information about the glass composition and structure 
is used to predict changes in the pH of leachate solutions, and a model based on the Gibbs 
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1. PURPOSE OF THIS DISSERTATION 
The dissolution behavior of phosphate glasses has been studied for many 
applications, nuclear waste remediation and bio-medical implants. For example, iron 
phosphate glasses with remarkably good chemical durability have been developed as a 
promising alternative for vitrifying nuclear waste. Bioactive glasses from the Na2O–
CaO–P2O5 system, on the other hand, are readily degradable in aqueous environments, a 
desirable characteristic for many biomedical applications. However, debate remains 
about the phosphate glass dissolution mechanisms, and much less information is available 
in the literature on the effects of composition and structure on the dissolution behavior of 
phosphate glasses. Therefore, the principal objective of this PhD research is to advance 
the understanding of the dissolution behavior of phosphate glasses in aqueous 
environments by relating dissolution processes to the structural information on the 
phosphate chain length distribution and the nature of the modifying metal cations. 
Glasses from the Na2O–FeO–Fe2O3–P2O5 (NFP) and Na2O–CaO–P2O5 (NCP) 
systems in the polyphosphate range (O/P ratios 3.0 ~ 3.5) were prepared by conventional 
melting and quenching techniques. High-pressure liquid chromatography (HPLC) and 
Raman spectroscopy were used to characterize the phosphate anions that constitute the 
structures of these glasses, including the distributions of phosphate chain lengths and 
phosphate tetrahedral sites. Mössbauer spectroscopy was used to determine the 
coordination environments of iron cations. Disproportionation reactions of the phosphate 
anions in glass melts produced wider distributions of phosphate anions for glasses 
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containing greater amounts of high field strength cations, and this in turn affected the 
crystallization tendency of the glasses and melts. 
The corrosion behavior of phosphate glasses in aqueous solutions was evaluated. 
Dissolution rates determined from weight loss measurements and ion release 
measurements were fit to different kinetic models, which define the glass dissolution 
mechanisms. Information about the glass composition and phosphate tetrahedral 
distributions is used to predict changes in the pH of the leachate solutions. A model based 
on the Gibbs free energy of hydration is used to explain the compositional dependence of 





2.1.  APPLICATIONS OF PHOSPHATE GLASSES 
Phosphate glasses have been studied and commercialized for a variety of 
applications because of their useful physical properties, including controllable chemical 
durability in aqueous environment, high thermal expansion coefficient, low melting and 
processing temperatures [1,2]. Properties and applications of phosphate glasses vary 
dramatically with different compositions. 
For hard and soft tissue repair, biodegradable phosphate glasses can be fabricated 
as scaffolds for bone regeneration, glass fibers for antibacterial or trace element delivery 
systems and for muscle regeneration [3,4,5]. Phosphate glass fibers are also suitable for 
reinforcement of biodegradable implants [6]. As bioactive glasses, Na2O–CaO–P2O5 
glasses are degradable in aqueous environments and show good biocompatibility and low 
toxicity with a minimal inflammatory response [7,8,9]. The addition of copper and silver 
to phosphate glasses is known to have positive effects on the local treatment of infections 
[10,11]. Phosphate glass fibers incorporating Al2O3 and Fe2O3 can be used as cell guides 
and as reinforcing materials for regeneration of skeletal muscle, and have been observed 
to form myotubes, from which muscle fibers can form [12,13].   
Iron phosphate glasses have been developed as potential hosts for nuclear waste 
disposal applications. Iron phosphate glasses with Fe/P ratios between 1:3 and 2:3 can be 
used for the vitrification of high level nuclear waste (HLW) because of their excellent 
chemical durability, which can be equivalent to or superior to silicate and borosilicate 
glasses [14,15,16]. In addition, fairly high alkali oxide contents (up to 20 wt%) can be 
tolerated in the iron phosphate glasses without deterioration of their good chemical 
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durability [16,17]. The addition of PbO improves shielding properties against high-
energy radiation, including gamma-radiation [18,19,20]. The chemical durability of 
several iron phosphate glasses vitrified with simulated sodium bearing waste (SBW) and 
HLW meet all the current US Department of Energy (DOE) requirements [14,21]. In 
addition, amorphous metal phosphate coatings are sometimes used to improve the 
corrosion resistance of steel [22]. 
Chemically-durable phosphate glasses can also be used for the following 
applications. Alkali aluminophosphate glasses with glass transition temperatures under 
400 °C have been developed for specialty hermetic seals because of their high thermal 
expansion coefficients (greater than 150 ×10
–7





) in phosphate glass is of interest for ion conduction applications. The 
structural features of lithium iron phosphate compounds (e.g., LixFePO4) and lithium iron 
phosphate glasses with nano-crystalline phases make them attractive as cathode materials 
for rechargeable batteries [24,25]. Low optical dispersion and relatively high refractive 
indices (compared with silicate-based optical glasses) make phosphate glasses with good 
chemical durability as host matrices of rare-earth ions and transition metal ions for 
optical devices [23,26,27]. Phosphate glasses with transition metals or rare-earth ions also 
exhibit interesting semiconducting properties, magneto-optical properties and magnetic 
transition properties, which can be used to design and apply as spin glasses or optical 
isolators and optical switches [28,29,30,31]. Phosphate glasses containing divalent iron 
cations not only have a high transmittance in the visible range (400~700 nm), but also 





the near-ultraviolet to blue range appropriate for emission from blue laser diodes [30].  
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Hydrolysis of polyphosphate anions from condensed inorganic polyphosphates in 
aqueous solutions has led to various applications, such as inorganic multivalent 
electrolytes, as chelators of metals, fertilizer, or a buffer against alkali [32]. In the 
biological field, phosphate esters and anhydrides play important role in bio-phosphate 
chemistry that involves the formation or cleavage of P‒O‒P bonds or P‒O‒C bonds, for 
example, phosphoryl (PO
3–
) transfer reactions in the formation and hydrolysis of 
adenosine-triphosphate (ATP); structural stability of phosphate and pyrophosphate 
diesters in the backbones and links of complementary strands of DNA [33]. Extensive 
investigations of phosphate ester hydrolysis and the dominant mechanism for these 
reactions in aqueous solutions have been conducted [34]. In addition, hydrolysis of 
polyphosphate in aqueous solution can be used to detoxify and sequester heavy metals for 
the bioremediation of organics in metal-polluted environments [35]. 
 
2.2.  STRUCTURAL FEATURES OF PHOSPHATE GLASSES 
2.2.1. Structural Units in Phosphate Glasses.  The properties of phosphate 
glasses depend on their structures, which in turn are determined by the chemistry, 
concentration and coordination environments of metal oxides added to the glasses and 
their effects on the resulting phosphate anion (chain length) distributions [23,36,37]. 
The building blocks for phosphate glasses are phosphate tetrahedra which can link 
to form Pn units, which are phosphate anions with ‘n’ tetrahedra that form polymer-like 
chains or rings, and that are cross-linked by metal cations through non-bridging oxygens. 
The general formula for phosphate anions can be described as          
       with (n+2) 





or the tetrametaphosphate (P4O12
4–
) can also be found in glasses with compositions close 
to the metaphosphate (O/P = 3) [39,40]. The polymeric nature of phosphate glasses 
allows for their easy formation into fibers from the melt [12,13]. The axes of long 
phosphate chains will align in the drawing direction of metaphosphate glass fibers [41]. 
The oxygen-to-phosphorus (O/P) ratio in a phosphate glass composition 
determines the average phosphate anion length ( ̅) [23]. For a phosphate glass,  ̅ can be 
calculated from glass composition by Equation (1) [39], 
 ̅  
 
∑           ⁄   
                                                            (1) 
where [Mj] is the molar concentration of metal cation j, Zj is the valence of metal cation j 
and [P] is the molar concentration of phosphorus. This relationship is shown in Figure 2.1. 
 
 
































































Phosphate networks are built by the phosphate tetrahedra with different numbers 
of bridging oxygens, including cross-linked networks (Q
3







) and orthophosphate groups (Q
0
) [23]. In the Q
i
 terminology, ‘i’ 
represents the number of bridging oxygens that link one phosphate tetrahedron to another.  
The average P‒O bond length in the phosphate tetrahedra is about 1.541.57 Å [23,36]. 
For bridging oxygen (BO), the P‒O bond lengths are about 1.611.64 Å; for nonbridging 
oxygen (NBO), the P‒O bond lengths decrease systematically for Q3, Q2, Q1 and Q0 
tetrahedra [36]. Phosphate anions with n P-tetrahedra (n>2) have two Q
1
 sites and (n–2) 
Q
2
 sites. The addition of metal oxides to a phosphate glass increases the average number 
of non-bridging oxygens per phosphate tetrahedron, and so breaks phosphate chains and 
rings, turning Q
i
 sites into Q
i–1
 sites. The connectivity and medium range structure 
characterized by two-dimensional MAS NMR for different Q
i
 sites in binary phosphate 
glasses is consistent with a model of random depolymerization [42,43,44,45]. 
Metal cations (M) exist in polyhedral sites in phosphate glasses and form metal 
chelating structures with ionic M‒Onb bonds to the non-bridging oxygens of the 
associated phosphate anions [2,32]. The M‒Onb bond length in phosphate glasses is 
longer than the average P‒O bond length in phosphate tetrahedra. Commonly, the smaller 
average bond length for M‒Onb, the stronger M‒Onb bond strength, and the smaller 









), covalent MOnb bonds form, which 
thus reduce the average covalency of the POnb bond [46,47]. The formation of stronger 
MOnb bonds is in accordance with increasing glass transition temperature (Tg) and better 
chemical durability [48]. In polyphosphate glasses (O/P = 3.0‒3.5), sodium polyhedra 
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form with coordination numbers from 4 to 6 and average Na‒O bond lengths of 
2.382.43 Å [23,49,50]. For iron phosphate glasses in the O/P range of 3.0 
(metaphosphate) to 4.0 (orthophosphate), ferric ions are found in tetrahedral and 
octahedral sites, and ferrous ions are found in octahedral and perhaps pentahedral sites 
[51]. Fe‒O bond lengths are about ~ 1.85 Å in [Fe3+O4], ~ 2.00 Å in [Fe
3+




For glasses with mixed glass formers (e.g., SiO2, B2O3, P2O5, Al2O3), desirable 
combinations of properties could be obtained compared to glasses with simpler structural 
networks [1]. Six coordinated Si
4+
, [SiO6], is found in phosphate-rich glasses [52,53,54]. 
For aluminophosphate networks, a decrease in the average Al-coordination number, from 
six to four, is observed with increasing O/P ratios [1].   
Residual water in phosphate glasses also affects the glass structure and properties, 
with effects similar to the ionic modifying oxides (e.g., Na2O) [32]. Water contents can 
be calculated from measured hydrogen contents using an inert gas fusion method [43]. 
For binary sodium phosphate glasses, water contents decrease from 23 mol% to 0.5 mol% 
with increasing O/P ratio (2.73.1) [43]. In the ultraphosphate glass range (O/P < 3.0), 
significant amounts of water are present as terminal (OH) groups and affects the 
phosphate site distributions by increasing the number of Q
2
 tetrahedra and reducing the 
number of Q
3
 tetrahedra. Polyphosphate glasses have relatively low water contents [43]. 
 
2.2.2. Disproportionation Reactions.  Disproportionation reactions in glass 
melts, which have been related to the glass formation energy, broaden the distributions of 
phosphate anions in glasses [55,56]. The nature of the metal cations added to a glass 
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composition affects the distribution of phosphate anions. Cations with greater field 
strengths are associated with glasses with broader distributions of phosphate anions 
(Figure 2.2) and these cations are also associated with lower free energies of formation 
for their respective crystalline orthophosphates [56].  
The Flory distribution model can be used to describe the distribution of chains in 
phosphate melts [38]: 
          
                  
                  
                      (2) 
and this reaction is described with the equilibrium constant      , 
      
            
     
                                                        (3)
 
Wider distributions of phosphate anions result from shifting the disproportionation 
reactions towards the right sides. The extent of these reactions determines the phosphate 
chain length distributions in a melt and affect the properties of the glasses.  
For an ideal Flory distribution of phosphate chain lengths in a glass melt, the 
equilibrium constant K(Pn) of reaction (2) equals 1, and the mole fraction of Pn units, 
          , is given by equation (6), in which  ̅ is the average phosphate chain length, 




 ̅  
 ̅
)
   
                                                (4) 
The actual distributions of phosphate anions in a glass network are narrower than 
the ideal Flory distribution, meaning that K(Pn) is less than 1 for shorter phosphate anions 





Figure 2.2.  Equilibrium constants K(Pn) calculated for disproportionation reactions (2) 
determined from the chromatographic analyses. The ordering of the cations on the x-axis 




The Flory distribution can also be described with the reformulated form based on 
the Q
i
 site distributions [32]:  
                                                                      (5) 
and the equilibrium constant  (  ), 
 (  )  
[    ]      
     
                                                        (6) 
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In the polyphosphate range (3.0 < O/P < 3.5), the relevant site disproportionation 
reaction is,  
                                                                    (7) 
If the distribution of phosphate chain lengths follows an ideal Flory distribution, K(Q
1
) 
for reaction (7) equals 0.25 and the mole fraction of Pn units  is described by equation (4) 
[38,55]. Each phosphate chain, Pn (n > 2), has two Q
1
 and (n2) Q2 sites, so the 
distribution of Q
i
 sites in polyphosphate glasses can be calculated from the distribution of 
Pn units (equation (4)). Figure 2.3 shows the distribution of Q
i
 sites in phosphate glasses 
for O/P 3.04.0. The disproportionation reaction produces the Q0 sites in polyphosphate 
range (O/P 3.03.5). 
 





































Figure 2.3.  Distribution of Q
i
 sites in phosphate glasses for O/P 3.04.0. The solid lines 
are the predicted f(Q
i
) without site disproportionation. The dashed lines are the f(Q
i
) 




Liquid chromatographic techniques have been widely used to characterize the 
phosphate anion distributions in a glass network because the phosphate anions released to 
solution are the same structural units present in the original phosphate glass. In an 
aqueous solution under normal conditions, phosphate chains can be dissolved intact from 
glass surface and show slow hydrolysis reactions (activation energy 83~167 kJ/mol), and 
never repolymerize [2,32,37]. With the addition of a chelating agent (e.g., Na4EDTA), 




) with phosphate anions is reduced, which 
further improves the long term stability of phosphate chains and rings in solution [58]. 
Improved performance and efficiency of liquid chromatography columns used in high-
pressure liquid chromatography (HPLC) systems led to better separations for phosphate 
anions and greatly facilitated studies of the structure of amorphous polyphosphate solids 
[37]. However, the limitations of liquid chromatographic techniques are apparent for 
ultraphosphate compositions, because Q
3
 species hydrolyze to form Q
2
 species when the 
glasses are dissolved prior to analysis [43,59]. For the iron containing glasses with 
compositions near the metaphosphate stoichiometry (3.0 ≤ O/P ≤ 3.2) in this study, the 
chromatographs were not consistent with the glass compositions, in part because of the 
inability to resolve the longer phosphate anions [60]. 
 
2.3.  PROPERTIES OF PHOSPHATE GLASSES 
2.3.1.   Chemical Durability.  Dissolution rates and ion release rates, as well as 
predictable dissolution behavior, are very important characteristics for phosphate glasses 
used in biomedical applications and for nuclear waste disposal. For example, it is 
desirable that the in vivo degradation rates of scaffolds match the rate at which new bone 
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is formed [3]. Through compositional modifications, the solubility of phosphate glasses 
in aqueous solution can be tailored to obtain a wide range of ion release rates [2].  
The dissolution behavior of glass is controlled by the reaction of the glass 
network with water and the extraction of ions out of the glass matrix [61]. Often, the 
initial stage of corrosion is controlled by an ion exchange process or the diffusion of 
water into the glass network, followed then by the dissolution of the glass matrix with 
increasing depth of alkali depletion in the outer glass surface [2,61]. The hydration 
reaction between glass and water is based on the hydrolytic cleavage of bonds in the glass 
network with different energies of hydration. The weakest bonds between metal ions and 
non-bridging oxygens, M‒Onb, break first during the dissolution process. The rate of ion 
exchange across the hydration layer as well as the H2O penetration into the bulk glass, is 
determined by the surface concentration of the interdiffusing ions, the multi-component 
interdiffusion coefficient and the exchange potential of the interdiffusing species at the 
exchange site [62]. The fraction of NBO and the concentration of mobile ions (e.g., Na
+
) 
determine the initial glass hydration rates [62]. 
There are debates over the dissolution mechanism that involve the two main 
reaction stages during the glass corrosion process. For Na2O–CaO–P2O5 metaphosphate 
glasses, Bunker et al. [2] observed a square root of time dependence (t
1/2
) for weight loss 
and proposed that this first stage of corrosion was controlled by surface hydration. In the 
second stage of corrosion, weight losses follow a linear time dependence controlled by 
the hydration of intact polyphosphate chains from glass surface (Figure 2.4). In both 
stages, the dissolution rate depends on the solution pH and the concentrations of other 
ions in the solution. Congruent dissolution indicates that all glass constituents are 
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released from the glass at the same rate, and the solubility limits of cations leached out of 
the glass matrix are not exceeded so that the sorption and coprecipitation of species is 
negligible. Thus, according to Bunker’s model, the thickness of the hydrated layer should 




Figure 2.4. Log(weight loss) versus Log(t) for glass 30Na2O‒20CaO‒50P2O5 at 20 °C 
and pH = 3 [2].  
 
 
However, the initial non-linear dissolution kinetics interpreted with the t
1/2
 time 
law in Bunker’s model was not observed in some other studies [5,63,64], where it 
appears that other important factors affect the dissolution kinetics of phosphate glasses in 
aqueous solutions. These other factors include the surface configurations and layer 
formation, saturation effects, solution chemistry, and the ratio of glass surface area-to-
solution volume.  
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Delahaye et al. [63] suggested that the t
1/2
 time law in Bunker’s model was 
actually due to a decrease in the dissolution rate with an increase in the ionic strength of 
the leaching solution, which results in a modification of the hydrated layer with an 
increase in the electrostatic interactions between the polyphosphate chains. Delahaye et al. 
also showed that the developed hydrated layer of metaphosphate glass in an acidic 
solution has the same composition and structure as the surface of a pristine glass. In 
addition, the metal chelating structure of the phosphate anions has an effect on the 
dissolution reactions of the hydrated layer [65]. According to Gao et al. [66], this metal 
chelating structure impedes the penetration of water into the depth of the bulk glasses.   
The glass surface energy could also contribute to the chemical durability of 
phosphate glasses. Fresh glass surfaces with higher surface energy are readily wetted by 
water vapor and organic contaminants from the environment, and this causes a rapid 
reduction in the surface energy [4]. Contact angle measurements of polar liquids on 
Na2O–CaO–P2O5 glasses doped with Fe2O3 show that the total surface energy of 
phosphate glasses decreases, which reflects a decrease in the polar interactions between 
glass surface and water [4]. 
For each type of phosphate anion (  ) hydrated from a glass surface, the stability 
of the different pronated          
       anions is a function of the pH value. The 
interaction between phosphate anions and other components in solution is predictable 
from their acid dissociation constant (pKa), which is a prerequisite for a quantitative 
understanding of the interaction of acids, bases and metal cations in a solution. In 
particular, the pH value of a solution can be predicted if the analytical concentration of 
polyprotic acids and the pKa values for the dissociation of protons from these polyprotic 
16 
 
acids are known; conversely, it is possible to calculate the equilibrium concentration of 
the acids and bases in solution when the pH is known [67]. Prediction of pH values for 
solutions of dissolved phosphate glasses has not been reported in the literature.  
After phosphate anions are dissolved in solution, hydrolysis of the POP 
linkages may occur along with protonation, and the hydrolysis reactions are accelerated 
in acids [2,63]. The catalytic effects of various metal ions promote the hydrolytic and 
reorganization reactions involving polyphosphate anions or phosphate esters in aqueous 
solutions [32,68,69]. The rate of hydrolytic reactions increases with increased cation 
charge and with decreased cation radius. The strength of bonds between cations and the 
polyphosphate anions is related to the catalytic effectiveness [69]. In solution, end-group 
clipping and random cleavage of phosphate chains happens as well as formation of 
phosphate rings, which is considered a reorganization reaction. The distribution of initial 
degradation products are pH dependent and are determined by the hydrolysis kinetics. At 
very low pH, random cleavage is the dominant hydrolytic reaction. At pH 3~7, the main 
hydrolytic reaction is end-group clipping. At pH 8~10, the rates of end-group clipping 
and ring formation are much faster than the rate of random cleavage [69].  
Degradation of polyphosphates in solution can be characterized by potentiometric 
titrations for hydrogen ions, viscosity measurements, or liquid chromatography [70,71]. 
Rate constants for end-group clipping, phosphate ring formation and random chain 
cleavage can be determined from the concentration of hydrolysis reactants and products 





2.3.2.   Thermal Stability and Crystallization Behavior.  Structural 
reorganization of a glass occurs as devitrification above the glass transition temperature. 
Thermal stability indicates the ability of glass to resist crystallization on heating and 
characterizing this tendency is useful when considering the thermal stability of iron 
phosphate glasses as nuclear waste storage hosts, or for the process of glass fiber 
fabrication [72,73]. 
Glass forming ability is related to the ease of vitrification of a melt on cooling 
from above the liquidus, TL, to the glass transition temperature, Tg [74]. Structural and 
kinetic approaches are used to understand the concepts of thermal stability and glass 
forming ability, and efforts have been made to relate these two concepts [74,75,76]. An 
increase in thermal stability parameters indicates a greater resistance (better stability) to 
crystallization on heating a glass or quenching a melt [76]. 
Dominant crystallization for a particular glass depends strongly on glass 
composition, surface quality and the surrounding environment [77,78]. DTA methods are 
used to identify and distinguish crystallization mechanisms [77], as well as to determine 
the activation energy for crystal growth [79]. For most glasses, internal and surface 
crystallization proceeds simultaneously and competitively [77]. For the thermal 
properties and crystallization behavior of sodium iron phosphate glasses, literature 
[72,80,81] provides insufficient information on the compositional dependence, stable 
crystallization phases and iron redox effects; these processes are discussed in this 
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I. STRUCTURAL STUDY OF Na2O–FeO–Fe2O3–P2O5 GLASSES BY HIGH-
PRESSURE LIQUID CHROMATOGRAPHY 
Lina Ma, Richard K. Brow* 
Department of Materials Science & Engineering, Missouri University of Science & 
Technology, Straumanis-James Hall, 1400 N. Bishop Ave, Rolla, MO, USA 
 
ABSTRACT  
Three series of Na2O–FeO–Fe2O3–P2O5 glasses with compositional ranges of 3.25 
< O/P < 3.5 and 0 < Fe/P < 0.67 were prepared. Glass structure was studied using high-
pressure liquid chromatography (HPLC). The average chain-length of phosphate anions 
decreases with increasing O/P ratios and glasses with similar O/P ratios and greater Fe/P 
ratios have wider distributions of phosphate anion lengths due to disproportionation 
reactions in the glass melts. 
Keywords: HPLC; iron-phosphate glass; disproportionation reaction 
                                                 




Iron phosphate compounds and glasses have been studied and commercialized for 
a variety of applications. Up to 40 wt% of a simulated high level nuclear waste can be 
accommodated into iron pyrophosphate (FeP) glasses with a chemical durability 
equivalent to that of borosilicate glass wasteforms and but in a smaller volume because of 
the greater density of the FeP glasses [1]. Metal phosphate coatings are sometimes used 
to improve the corrosion resistance of steel [2]. The structural features of lithium iron 
phosphate compounds (e.g., LixFePO4) and lithium iron phosphate glasses with 
nanocrystalline phases make them attractive as cathode materials for rechargeable 
batteries [3,4]. Iron phosphate glasses have also been developed as biomaterials with 
tailored rates of degradation in aqueous environments [5]. 
 
In iron phosphate glasses, chain-like phosphate anions are linked through iron 
sites in a distorted iron chelate structure [6]. The phosphate chain length distributions in 
glass melts are affected by the chemistry and concentration of the metal cations that 
constitute a phosphate glass composition [7]. Studies have shown that glasses with 
greater field strength cations have broader distributions of phosphate anions and that 
these cations are also associated with lower free energies of formation for their respective 
crystalline orthophosphates [8]. 
High-pressure liquid chromatography (HPLC) is a useful technique to obtain 
quantitative information about the chain length distributions in a phosphate glass network 
because the relative area under each HPLC peak represents the relative concentrations of 
PO4 units in each corresponding phosphate anion (Pn). From the relative peak areas 
obtained by HPLC, the overall O/P ratio, the average phosphate chain length ( ̅), average 
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bridging oxygen to non-bridging oxygen ratio (BO/NBO), and the fraction of phosphate 
tetrahedra with different bridging oxygens (Q
i
 sites), can be determined [9,10]. 
In the present work, the phosphate chain length distributions for several series of 
sodium-iron phosphate glasses were studied using high-pressure liquid chromatography 
(HPLC).  These glasses serve as models for those under study for encapsulating high 
alkaline nuclear waste streams [11,12]. The phosphate anion distributions depend on both 
the O/P ratio and the Fe/P ratio. Disproportionation reactions in the glass melts produce 
wider distributions of phosphate chains when iron replaces sodium in glasses with 
constant O/P ratios.  
 
2. Experimental Procedures 
2.1.  Glass melting and compositional analysis 
Iron phosphate glasses with the batched compositions given in Table 1were 
prepared from raw materials including Na2CO3 (Alfa Aesar, ≥ 98%), Fe2O3 (Alfa Aesar, 
≥ 99%) and NH4H2PO4 (Alfa Aesar, ≥ 98%). Batches that produce 100g of glass were 
thoroughly mixed and melted in fused SiO2 crucibles (Leco #728-701) between 1000 °C 
and 1250 °C in air for two hours; greater temperatures were generally required for melts 
with greater iron contents and lower O/P ratio [13]. The melts were poured onto a copper 
plate and quenched to room temperature by pressing with another cold copper plate. 
Compositional series described in Table 1 have batched O/P ratios between 3.25 and 3.5. 
For example, glass labeled as 3.5-0.67 is a sample with a batched O/P ratio of 3.5 and a 
batched Fe/P ratio of 0.67.  
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The compositions of the quenched glasses were determined by inductively-
coupled plasma optical emission spectroscopy (ICP-OES, PerkinElmer Optima 2000 DV, 
Norwalk, USA). Iron phosphate glasses were digested in 3‒7 M H2SO4 aqueous solution 
for 7 to 14 days at 80‒90 °C in closed Teflon containers. The digestion time and 
temperature depended on the chemical durability of the glasses. Generally, glasses with 
high iron contents and low O/P ratios showed better chemical durability in the H2SO4 
solution. Solutions for ICP were diluted with deionized H2O, with dilution factors of 1:9 
or 1:99, depending on the expected ion concentration of the solution. The ICP solution 
samples were tested in triplicate for every glass composition, and several glasses were 
three times. On average, the relative standard deviation of these analysis was less than 4% 
and this is taken as the uncertainty associated with the reported compositions. The 
Fe
2+
/Fetot contents of the glasses were determined by a titration technique using KMnO4 
(2 mM), with an absolute uncertainty of 2% [14]. These glasses contain up to 5 mol% 
SiO2, transferred from the crucible during melting, and the measured O/P ratios discussed 
in this paper take the SiO2 content into consideration. 
 
2.2.  HPLC experiments 
High-pressure liquid chromatography (HPLC, Dionex ion chromatography system) 
experiments were done to study the chain length distribution of phosphate anions in the 
glasses. Glass powders (75‒150 μm, 200 mg) were partially dissolved for different times 
(from 10 minutes to 24 hours) in an aqueous solution (50 ml) with 0.22 M NaCl + 5 mM 
Na4EDTA and a pH of 10. Phosphate chains are stable against hydrolysis under these 
conditions [8]. The chelating agent was added to prevent the hydrolysis of phosphate 
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chains by iron cations in solution [15]. In this study, the concentration of Na4EDTA is 
about 2~8 times the total concentration of iron leached from glasses at the time of 
experiments. Phosphate chain solutions with Na4EDTA and spiked with different 
concentrations of FeCl3 or FeCl2 showed no evidence for chain hydrolysis over 24 hours. 
The carrier solution in the HPLC system is supplied by a GP-50 Gradient Pump. 
The sample solution is injected into the system and passes immediately through an anion 
exchange column. The NaCl solution concentration is then progressively ramped from 
0.05 to 0.53 molar over the course of 30 min. This change in NaCl concentration causes 
the phosphate anions to be released from the column (IonPac® AS7 Analytical Column, 
4-mm) in the order from shortest to longest. After release from the column, the sample 
stream is mixed with a 1.8 M H2SO4 solution containing ammonium molybdate. The 
sample then passes through a Teflon reaction coil at 140 °C, where the phosphate anions 
are hydrolyzed to form orthophosphate units that then react with the molybdate species to 
form a heteropoly blue complex. The solution then passes through a photodetector cell 
where the absorption of the solution is measured versus the retention time. The area 
under each absorption peak (Pn) is proportional to the concentration of phosphorus 
associated with phosphate anions with n PO4 tetrahedra, (PnO3n+1)
−(n+2)
. Chain lengths up 
to ~16 PO4 units are resolvable in this system, as are cyclic phosphates [8,16].
  
 
The chromatographs from iron-containing glasses with compositions near the 
metaphosphate stoichiometry (3.0 ≤ O/P ≤ 3.2) were not consistent with the glass 
compositions, in part because of the inability to resolve the longer anions. For this reason, 
the HPLC analyses are limited to glasses with O/P ≥ 3.25. HPLC experiments were run in 
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3.1.  Glass compositions 
The analyzed compositions of the sodium iron phosphate glasses in this study are 
given in Table 1. Some ferric ions have reduced to ferrous ions so that the average 
Fe
2+
/Fetot ratio for these glasses is about 0.18 ± 0.04, consistent with previous studies 
[17,18,19]. Some silica was transferred from the crucible to the melt so that the average 
Si/P in the glasses is about 0.03 ± 0.01; Bingham et al. [20] report that similar silica 
contents had little effect on the properties of their iron phosphate glasses.  The 
calculations of O/P ratios for these glasses include the effects of the silica contamination 
and the iron reduction. 
 
3.2.  HPLC results 
Fig. 1 shows the HPLC chromatographs for a series of glasses with similar Fe/P 
ratios (0.23 ± 0.01) and increasing O/P ratios. Each peak in the chromatograph, from 
short times to longer times, represents a phosphate anion with an increasing number of 
tetrahedra. The first peak, near a retention time of three minutes, is due to orthophosphate 
(P1) anions, the second peak, near eight minutes, is due to pyrophosphate (P2) anions, the 
third to triphosphates (P3), etc. As the O/P ratio increases, the relative concentration of 
short phosphate chains (Pn < 6) increases. When the O/P ratio reaches 3.51, the main 
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phosphate anions in the glass structure are the pyrophosphate (P2, 71%), orthophosphate 
(P1, 20%), triphosphate (P3, 9%) and tetraphosphate (P4, 1%).  







 ions affects the distribution of phosphate anions. Fig. 2 (a) show the 
HPLC chromatographs collected from glasses with similar O/P ratios of 3.49±0.01. With 
an increasing Fe/P ratio (as sodium replaces iron), there is an increase in the relative 
concentrations of both P1 and longer phosphate chains (Pn > 2), compared to the 
concentration of P2 units (Fig. 2 (b)). Similar data were collected from other glass series 
with O/P ratios > 3.25. 
 
4. Discussion 
4.1.  Quantitative analysis of HPLC data 
A comparison of the O/P ratios calculated from the HPLC results with values 
determined from the analyzed glass compositions is shown in Fig. 3. Eq. (1) is used to 





    
 
       
∑       
                                                           (1) 
where A(Pn) is the relative area of a peak assigned to a phosphate anion with n tetrahedra.  
There is a good agreement between the ratios expected from the ICP compositions and 





 and triphosphate, P3O10
5−
) are 
dominant. Fig. 3 also shows a comparison of the calculated average phosphate chain 
length ( ̅) from the HPLC experiments with the predicted  ̅ from glass composition. The 
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predicted  ̅ is calculated from glass composition by Eq. (2) based on a simple structural 
model for phosphate glasses [21],  
 ̅  
 
∑           ⁄   
                                                          (2) 
where [Mj] is the molar concentration of metal cation j, Zj is the valence of metal cation j 
and [P] is the molar concentration of phosphorus. The good agreement of the O/P ratios 
and  ̅ calculated from the HPLC data with values determined from the analyzed 
compositions for glasses with O/P > 3.25 indicates that the structural information 
obtained by HPLC is representative for glasses with shorter phosphate chains. 
 
4.2.  Distribution of phosphate anions and Qi sites by disproportionation reactions 
As the O/P ratio increases in the polyphosphate glass range, the relative 
concentration of pyrophosphate anions (P2, P2O7
4-
) increases. When O/P = 3.5, the 
pyrophosphate stoichiometry is reached and the main anionic unit in the glass network is 
P2. HPLC indicates that other anions, besides the pyrophosphate anions, exist in these 
glasses (Fig. 2). Disproportionation reactions in glass melts, which have been related to 
the glass formation energy, explain the presence of P1 and other Pn anions in glasses with 
nominal pyrophosphate compositions [7,8,22]. The Flory distribution model can be used 
to describe the distribution of chains in phosphate melts [23]:   
          
                  
                  
                           (3)
 
This reaction can be also reformulated in terms of the Q
i
 site distributions [7]:  
                                                                              (4) 
Fig. 4 shows the fractions of Pn in each chain of glasses with similar O/P ~3.49. 
As Fe/P ratio increases from 0.23 to 0.66, the pyrophosphate disproportionation reaction 
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shifts to the right, and the anion distributions approach the Flory distribution, which is 
indicated by the solid curve and calculated from Eq. (5) [22],  




 ̅  
 ̅
)
   
                                                (5) 
where N is the concentration of an anion and  ̅ is the average phosphate chain length. 
Wider distributions of phosphate anions result from shifting the 
disproportionation reactions (3) and (4) to the right and the extent of these reactions 
determines the overall phosphate chain length distributions. For an ideal Flory 
distribution, the equilibrium constant Kn of reaction (3) equals 1. The actual distributions 
of phosphate anions in a glass network are narrower than the ideal Flory distribution; Kn 
is less than 1 for shorter phosphate anions (n = 2, 3 or 4) and approaches to 1 when n 
increases [8,22].  
Reaction (3) can be simplified to consider the pyrophosphate anions: 
                                                                      (6) 
By assuming that reaction (6) is an equilibrium chemical reaction, the equilibrium 
constant for the reaction, K2, can be determined from the relative areas of the appropriate 
peaks in the chromatographs according to: 
   
                  
          
                                                             (7) 
Fig. 5 shows the values of K2 calculated for the Na-Fe-phosphate glasses with 
O/P > 3.25, as a function of the relative fraction of iron cations, calculated from Eq. (8), 
            
               
                      
                                        (8) 
where N(M) is the molar fraction of each metal cation. From Fig. 5, replacing sodium 
with iron promotes pyrophosphate disproportionation; viz., K2 increases. Cations with 
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greater field strengths, as well as glasses with a greater  ̅, produce wider distributions of 
phosphate anions.  




                                                                             (9) 
      
[  ]    
     
                                                                  (10) 
Fig. 6 (a) shows the fraction of Q
i
-tetrahedra, which are determined from the 
relative concentrations of Pn anions from the HPLC chromatographs. The corresponding 
equilibrium constant K(Q
1
) is shown in Fig. 6 (b). If the phosphate chain lengths are 
described by an ideal Flory distribution, then K(Q
1
) = 0.25 [22,23]. The compositional 
dependence of K(Q
1
) is similar to the dependence of K2 (Fig. 5 and Fig. 6 (b)). The actual 
distribution of phosphate chains or Q
i
 sites falls between an ideal Flory distribution and 
zero site disproportionation. As Fe/P increases, the disproportionation reactions of P2 
(reaction (6)) or Q
1
 (reaction (9)) shifts to the right and the distribution of phosphate 
anions and Q
i
 sites broaden.  
In their study of mixed cation phosphate glasses, Meadowcroft et al. [22] found 
that glasses with two cations with the greatest difference between their ionic field 
strengths have the most negative exothermic enthalpy of mixing in glass melts, and this 
was related to differences in the polarization of non-bridging oxygens associated with the 
different cations. Meadowcroft et al. also proposed that the extent to which the values of 
Kn differ from unity may be attributed to endothermic enthalpy changes associated with 
the disproportionation reaction (3). Heat formation measurements have shown that 
glasses containing cations with lower field strengths lead to a greater enthalpy ∆Hn for 
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each disproportionation reaction, and to narrower distributions of phosphate anions [24]. 
Sales et al. [8] have shown that greater field strength cations are also associated with 
lower free energies of formation for their respective crystalline orthophosphates. In the 
present study, as Na
+




 in glass melts with a constant O/P 
ratio, the distribution of phosphate chains becomes broader (K2 increases), thus indicating 
that the ∆Hn for the endothermic disproportionation reaction should decrease.  
 
5. Summary 
HPLC is a useful technique to obtain quantitative analysis of the phosphate anions 
that constitute the structures of sodium-iron phosphate glasses; quantitative analyses of 
the P-anion distributions are possible for glasses with O/P > 3.25. Equilibrium constants 
(K2 and K(Q
1
)) related to disproportionation reactions in the glass melts can be obtained 
from the chromatographs, and when iron replaces sodium, these disproportionation 
reactions produce wider distributions of phosphate anions.  
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Fig. 1. HPLC chromatographs of sodium-iron phosphate glasses with similar Fe/P ratios 
(0.23 ± 0.01). 
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Fig. 2. (a) HPLC chromatographs of sodium-iron phosphate glasses with similar O/P 
ratios (3.49 ± 0.01); (b) Fraction of Pn anions determined from these chromatographs. 
The solid lines are guides for the eye. 
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Fig. 3. A comparison of O/P ratios (left axis) and average phosphate chain-lengths ( ̅) 
(right axis) determined from the HPLC chromatographs with those predicted from the 






































Fig. 4. Pn anion distributions for the sodium iron phosphate glasses with similar O/P 
ratios (3.49 ± 0.01) obtained from the chromatographs (symbols) and compared to an 

































 3.27  0.02
 3.40  0.03
 3.49  0.01
Fe/(Na+Fe) ratio
 
Fig. 5. Equilibrium constant (K2, Eq. (7)) for the pyrophosphate disproportionation 
reaction for three series of glasses as a function of the fraction of iron cations. The dashed 
lines are guides for the eye. 
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Fig. 6. (a) Distribution of Q
i
 sites for the sodium iron phosphate glasses calculated from 
the respective chromatographs. The heavy line is the predicted f(Q
i
) without site 
disproportionation. Fine lines are f(Q
i
) following ideal Flory distribution; (b) Equilibrium 
constant K(Q
1
) for reaction (10) determined by HPLC with compositions determined by 
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Five series of Na2O‒FeO‒Fe2O3‒P2O5 glasses with compositional ranges of 3.0 < 
O/P < 3.5 and 0 < Fe/P < 0.67 were prepared. Glass structure was studied using Raman 
spectroscopy and Mössbauer spectroscopy. For glasses with similar O/P ratios, an 
increase in the Fe/P ratio produced broader distributions of phosphate anions, as indicated 
in the Raman spectra, and the average coordination number (CNFe) of the Fe ions 
decreased, as indicated by the Mössbauer data. The interaction between phosphate anions 
and iron polyhedra causes systematic changes in the Raman frequencies as well as peak 
intensities. 
Keywords: Raman; Mössbauer; iron-phosphate glass; disproportionation reaction 
                                                 






Iron phosphate glasses have been studied for a variety of applications. Their 
excellent chemical durability, often equivalent to or better than borosilicate glasses, 
makes iron phosphate glasses potential hosts to vitrify radioactive wastes [1,2,3].
 
Iron 
phosphate glasses have also been developed as biomaterials with tailored rates of 
degradation in aqueous environments [4].
 





, leads to interesting semiconducting and magnetic properties for iron 
phosphate glasses [5,6,7,8,9]. 
The properties of iron phosphate glasses depend on their structures, which in turn 
are determined by the chemistry and concentration of metal oxides added to the glasses 
and their effects on the resulting phosphate anion (chain length) distributions. Structural 
models of iron phosphate glasses have been developed from the structures of 
corresponding iron phosphate crystals and tested using many techniques, including 
Raman spectroscopy, Mössbauer spectroscopy, X-ray and neutron diffraction, X-ray 
photoelectron spectroscopy, X-ray absorption fine-structure (XAFS) measurements and 
molecular dynamics simulation [2,10,11,12,13,14].  
Compared to iron phosphate crystals, the structural complexity of iron phosphate 
glasses is increased by the distortion of Fe-polyhedra and by disproportionation reactions 
of phosphate anions in the melts [10,11].
 
The fraction of Fe
2+
 ions in glasses varies with 
preparation conditions and glass composition. The relative fraction of Fe
2+
/Fetot is 
typically about 20% for glasses obtained by conventional melting (in air) and quenching 
techniques, although that fraction increases with increasing melt temperature [2,15,16]. 





(orthophosphate), ferric ions are found in tetrahedral and octahedral sites, and ferrous 
ions are found in octahedral and perhaps pentahedral sites [11]. Chain-like phosphate 
anions are linked through these iron sites in a distorted iron chelate structure. The average 
bond lengths and angles associated with various metal polyhedra also vary with glass 
composition [17,18,19,20]. 
 
Disproportionation reactions in melts broaden the distributions of phosphate 
anions in the glasses [21,22]. The nature of the metal cations added to a glass 
composition affects the distribution of phosphate anions. Cations with greater field 
strengths are associated with glasses with broader distributions of phosphate anions and 
these cations are also associated with lower free energies of formation for their respective 
crystalline orthophosphates [22].  
In the present work, five series of Na2O‒FeO‒Fe2O3‒P2O5 glasses with constant 
O/P ratios (3.0~3.5) and different Fe/P (0~0.67) ratios were prepared by conventional 
melting (in air) and quenching techniques. These compositions are simpler versions of 
the iron phosphate glasses used to encapsulate high alkaline nuclear waste streams [13]. 
A chromatographic study of the phosphate anion distributions in some of these glasses is 
presented elsewhere [23]. 
 
2. Experimental Procedures 
Iron phosphate glasses, with the batched compositions given in Table 1, were 
prepared from raw materials including Na2CO3 (Alfa Aesar, ≥ 98%), Fe2O3 (Alfa Aesar, 
≥ 99%) and NH4H2PO4 (Alfa Aesar, ≥ 98%). Batches that produced 100g of glass were 





and 1250 °C in air for two hours; greater temperatures were generally required for melts 
with greater iron contents. The melts were poured onto a copper plate and quenched to 
room temperature by pressing with another copper plate. Compositional series, labeled 
from A to E, have batched O/P ratios between 3.0 and 3.5, as described in Table 1. For 
example, glass E-0.67 is a sample in the E-series with batched O/P ratio of 3.5 and a 
batched Fe/P ratio of 0.67. Binary Na2O‒P2O5 glasses with batched O/P ratios in the 
range 3.0‒3.25 (50‒60 mol% Na2O) were also melted in air and quenched to room 
temperature.   
The compositions of the quenched glasses were determined by inductively-
coupled plasma optical emission spectroscopy (ICP-OES, PerkinElmer Optima 2000 DV, 
Norwalk, USA). Iron phosphate glasses were digested in 3‒7 M H2SO4 aqueous solution 
for 7 to 14 days at 80‒90 °C in closed Teflon containers. The digestion time and 
temperature depended on the chemical durability of the glasses. Generally, glasses with 
high iron contents and low O/P ratios dissolved more slowly in the H2SO4 solution. 
Binary sodium phosphate glasses were dissolved in deionized H2O.  Solutions for ICP 
were diluted with deionized H2O, with dilution factors of 1:9 or 1:99, depending on the 
expected ion concentration of the solution. The Fe
2+
/Fetot contents of the glasses were 
determined by a titration technique using KMnO4 (2 mM), with an absolute uncertainty 
of 2% [24].  
Raman spectra were collected from the top melt surface of each quenched glass 
using a Horiba Jobin Yvon LabRAM Aramis μ-Raman spectrometer (Horiba-Jobin Yvon, 
Inc., Edison, NJ). A 632.8 nm He-Ne laser with initial power of 17 mW was used as the 





a constant maximum peak intensity, and there was no evidence for laser-induced changes 
in the Raman spectra collected. 
57
Fe Mössbauer spectra were collected to characterize the valence states of iron as 
well as the coordination environment of iron polyhedra (FeOn) in the glass network.  The 
spectra were collected in transmission geometry at room temperature using a 
conventional constant acceleration spectrometer with a 50mCi 
57
Co gamma-ray source 
embedded in rhodium matrix. The velocity scale of the spectrometer was calibrated using 
a spectrum of α-Fe foil at room temperature. All Mössbauer spectra were analyzed by 
Lorentzian line fitting into three doublet sites using the Recoil software [25,26]. Peak 
positions and areas were allowed to vary until a best-fit solution was achieved. To 
minimize the effect of sample preparation on spectral line width and line shape, 
Mössbauer absorber parameters were calculated based on the stoichiometry of the glass 
sample to optimize sample thickness, according to the Recoil software. Uniformly spread 
60‒80 mg/cm2 sample powder (200‒250 micron thickness) were loaded on the 1 cm 







3.1.  Glass compositions 
Table 1 lists the compositions of sodium iron phosphate glasses prepared for this 
study. Because Fe (III) was reduced to Fe (II) in the melt, and because some SiO2 from 
the crucible was incorporated into the melts, the analyzed compositions from the ICP 





the glasses is about 0.03 ± 0.01; Bingham et al. [27] report that similar silica contents had 
little effect on the properties of their iron phosphate glasses.  
Titration analyses indicate that the average Fe
2+
/Fetot ratio for all glasses is about 
0.19 ± 0.05, consistent with previous studies [15,16,28]. Greater concentrations of ferrous 
ions (up to 31%) were found in glasses with lower O/P ratios, which were melted at 
higher temperatures. The fraction of Fe
2+
 species determined by the titration technique is 
systematically lower, by about 15%, than what was determined by Mössbauer 
spectroscopy (Table 2). Since there is no evidence for oxidation of Fe
2+
 in sulfuric acid 
during glass digestion, and there is some uncertainty in fitting the Mössbauer spectra, 
related to accurately knowing the recoil-free fraction for each Fe valence state [29], the 
Fe
2+
/Fetot ratios determined by the titration method are used in the quantitative analyses 
of glass structures discussed below.  However, as will be seen, the small differences in 
Fe
2+
/Fetot determined by the two techniques have no significant effects on the structural 
analyses and the systematic study presented here. 
Fig. 1 shows the compositional diagram of the Na2O‒FeO‒Fe2O3‒P2O5 glasses 
with the analyzed compositions (Table 1) indicated by the black symbols. A glass series 
with a constant O/P ratio (3.0, 3.1, 3.25, 3.4 and 3.5) is indicated by the respective lines. 
The calculated O/P ratios account for both the presence of the ferrous ions and the 
incorporation of the silica in glasses. Each line assumes that the Fe
2+
/Fetot ratio is the 
average analyzed Fe
2+








3.2.  Raman spectroscopic results 
Fig. 2 shows the Raman spectra from glasses with similar Fe/P ratios (0.23 ± 0.01) 
and different O/P ratios. Fig. 3 (a) and Fig. 3 (b) show the spectra from glasses with 
similar O/P ratios, the B-series (3.12 ± 0.02) and E-series (3.49 ± 0.01), respectively, but 
different Fe/P ratios. Raman band assignments listed in Table 3 are from the literature 
[10,30,31]. Peaks in the range from about 970 cm
‒1
 to about 1320 cm
‒1
 are assigned to 
symmetric and asymmetric stretching modes of non-bridging oxygens on different P-







 tetrahedra. The Q
i
 terminology is used to describe a phosphate tetrahedron with ‘i’ 
bridging oxygens [32].  
Peaks in the 680‒770 cm‒1 range are assigned to the P‒O‒P symmetric stretching 
modes associated with bridging oxygens that link two neighboring tetrahedra, with 
greater frequencies associated with bridging oxygens linked to one or two Q
1
 tetrahedra. 
Asymmetric P‒O‒P stretching modes produce peaks in the range 890‒1000 cm‒1, e.g., 
peaks near 894 cm
‒1
 in the spectra of the E-series of glasses (O/P ~3.49) in Fig. 3 (b) [10].  
For the series of glasses with similar Fe/P ratios, the Raman spectra in Fig. 2 are 
consistent with the formation of progressively shorter phosphate anions with increasing 
O/P ratios. The intensities of the peaks in the range 1130‒1220 cm‒1, assigned to the PO2 
symmetric stretching modes of non-bridging oxygens on Q
2
-tetrahedra, decrease with 
increasing O/P ratio relative to the broader peaks in the 1030‒1100 cm‒1 range, assigned 
to the PO3 symmetric stretching modes of non-bridging oxygens on Q
1
-tetrahedra. With 
increasing O/P ratio, the P‒O‒P symmetric stretching mode shifts from ~700 cm‒1 to 
~745 cm
‒1
, consistent with the replacement of Q
2
 tetrahedra by Q
1





average P-anion becomes shorter, and perhaps as the average P‒O‒P bond angle 
increases. Peaks associated with the P‒O‒P asymmetric stretching mode (centered ~890 
cm
‒1) are evident in the Raman spectra for glasses with O/P ≥ 3.27. In the low frequency 
range (200‒600 cm‒1) in Fig. 2, the intensities of the bending modes associated with 
smaller anions grow in spectra from glasses with greater O/P ratios. 
Systematic structural changes in glasses with similar O/P ratios and different Fe/P 
ratios were also observed in the Raman spectra. For example, as the Fe/P ratio increases 
from 0 to 0.42 for glasses with O/P ~3.12 (Fig. 3 (a)), the frequency of the PO2 peak 
increases, from 1142 cm
‒1
 to 1200 cm
‒1
, and the peak broadens.  The increase in peak 
frequency as Fe replaces Na is consistent with the reported effects of increasing cation 
field strengths on the Raman spectra of metaphosphate glasses [33,34], and the broader 
peaks indicate a more complex average coordination environment for these Q
2
 tetrahedra. 
In addition, the relative intensity of the peak assigned to the PO3-stretching modes 
associated with the Q
1
-tetrahedra (centered near 1068 cm
‒1
) increases, indicating that 
more chain-terminating tetrahedra, and so shorter phosphate anions, are associated with 
the greater Fe/P glasses. Similar observations can be made of the Raman spectra for 
glasses with O/P~3.49 (Fig. 3 (b)). With increasing Fe/P ratio, the Raman peak assigned 
to the PO3 stretching modes of non-bridging oxygens on Q
1
-tetrahedra also increases in 
frequency (from 1044 to 1077 cm
‒1
) and becomes broader. For every glass series with 
similar O/P ratios, the frequency of the peaks associated with symmetric P‒O‒P-
stretching mode (680‒770 cm‒1) increases and the relative intensity decreases with 





The Raman spectrum for each glass in this study was decomposed into seven 
Gaussian peaks in the range of 650‒1400 cm‒1 and the relative intensity of each of these 
peaks was determined. Peak position and FWHM (full width at half maximum) were 
allowed to vary until a best-fit solution was achieved [10]. An example of a spectral 
decomposition is shown for the E-0.33 glass in Fig. 4. 
 
3.3.  Mössbauer spectroscopic results 
Mössbauer spectra for glasses in the E-series (O/P ~3.49) are shown in Fig. 5 (a). 
These spectra are similar to those reported for iron phosphate glasses with similar O/P 
ratios [11,15,19,20,35], and so are analyzed in a similar manner. Each Mössbauer 
spectrum was decomposed into three sets of doublets using Lorentzian line shapes (e.g., 
Fig. 5 (b)). These doublets represent Fe
2+
 (less intense absorption) in an octahedral site, 
and Fe
3+
 (more intense absorption) in both tetrahedral and octahedral sites; two doublets 
are used to decompose the markedly asymmetric Fe
3+
 contributions to each spectrum. 
These fits are consistent with earlier Mössbauer studies of iron phosphate glasses 
[9,11,15,19,35].  
The corresponding parameters, isomer shift (IS in mm/s), quadrupole splitting 
(QS in mm/s), FWHM (full width at half maximum) of the Lorentzian contribution to the 
peak (w in mm/s), and the relative fractions of the three doublet sites to total iron 
contents ([FeOn]/Fe), as well as the fitting uncertainties (χ
2
), are listed in Table 2. The IS 
values obtained are in the range typical of the isomer shift for iron phosphate glasses and 
compounds [19,20,35,36]. For the two Fe
3+
 sites, the octahedral site corresponds to the 





with O/P ~3.49), the fraction of ferrous ions in tetrahedral sites,          , generally 
increases; this leads to a decrease in the average Fe coordination number (CNFe) (Table 2). 
 
4. Discussion 
4.1.  Iron coordination sites  
The isomer shift (IS) of 
57
Fe provides information about the iron oxidation states, 
iron coordination sites and the covalency of the iron-ligand bonds [36,37]. An increase of 
iron oxidation state leads to a decrease of the isomer shift, and for a given oxidation state, 
a smaller coordination number relates to a lower isomer shift [36]. The isomer shifts of 
the iron coordination sites in the Na‒Fe‒phosphate glasses are consistent with these 
observations (Fig. 6). From the room temperature IS for different [FeOn] polyhedra in 
various compounds, the existence of [FeO5] cannot be ruled out from all possible iron 
coordination sites in these glasses, because the intermediate overlapping position of IS 
for five-coordination falls between the IS for tetrahedral and octahedral coordination (Fig. 
6) [36].  





 ions with at least singly occupied 3d orbitals shows that an increase in 
covalency of the iron-ligand bond reduces the isomer shift. This occurs because of the 
increased overlapping of the iron 4s-orbital with surrounding ligand orbitals, some 
electron transfer from the ligands to the 4s-orbital adds covalent character to the ionic 
iron-ligand bond, therefore modifying the electron density around the nucleus 
[36,37,38,39]. In Fig. 6, the isomer shift of iron sites decreases in the order of Fe
2+(oct) ˃ 
Fe





character of the Fe‒O bond and a decrease in the Fe‒O interaction distance for these iron 
coordination sites [11]. However, the correlation between Fe‒O bond length and isomer 
shift is invalid for most iron polyhedra; the compounds with greater Fe‒O distances do 
not have particularly greater isomer shifts, and studies show that the decrease of IS with 
coordination number arises primarily from the covalence effects rather than the decrease 
of the Fe‒O distances [36].  
In this study, as the polymerization of the phosphate glass network decreases with 
increasing O/P ratio, the covalency of the Fe‒O bond in the three different iron 
coordination sites does not change appreciably (Table 2). For a glass series with similar 
O/P ratios, an increase in the Fe/P ratio has a significant effect on the covalency of the 
Fe‒O bonds for glasses near the metaphosphate composition, e.g., the degree of Fe‒O 
bond covalency in the Fe
2+
(oct) sites increases with increasing Fe/P ratio for the glasses 
with O/P ~3.04 ± 0.01, as indicated by the systematic decrease in IS as shown in Table 2. 
The iron sites in crystalline compounds or glasses have a broad range of 
quadrupole interactions, which are related to the electric field gradient at the nucleus, 
spin-states and distortion geometry. Quadrupole splitting (QS) values range from zero in 
symmetric compounds to 3.5 mm/s for highly distorted compounds [29,37]. For all three 
iron coordination sites in these phosphate glasses, Fe
2+
 is in the distorted high-spin 




D4)); therefore, the 
quadrupole splitting value of Fe
2+
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affected by the surrounding ions, and so QS for Fe
3+
 is a measure of the distortion of the 
iron sites, with a larger QS value meaning more distortion [20,35]. Similar to the effects 
of different cations on the distortion of phosphate tetrahedra, as iron is incorporated into 
the glass structure, an increase in the number of non-bridging oxygens involved in the 
iron coordination site could also cause an increase in the degree of distortion of that site. 
For the sodium-free iron phosphate glasses, increasing the O/P ratio increases distortion 
of both Fe
3+
 sites, as indicated by the increase in QS (Fig. 7 (b)). In addition, as the Fe/P 
ratio increases for glasses with similar O/P ratio (e.g., series E, O/P ~3.49), the QS values 
for both Fe
3+
 sites increase (Fig. 7 (b)), again indicating an increase in the distortion of 
these Fe
3+
 sites. Comparing the QS values for the two Fe
3+
 sites, the local environment 
around the tetrahedral Fe
3+
 sites is generally more distorted than around the octahedral 
sites for glasses with greater O/P ratios. These compositionally-dependent trends in QS 
value for Fe
3+
 sites are consistent with other studies [19,20,35].  
In earlier neutron diffraction and Mössbauer studies of iron polyphosphate glasses 
[11,19], the fraction of [Fe
3+
O4] increased with increasing O/P ratio, decreasing the CNFe 
from 6.1 to 4.8, and decreasing the average Fe‒O bond length from 1.958 Å to 1.931 Å. 
The change in Fe‒O bond length is consistent with what has been reported for iron 
phosphate crystals, where the Fe‒O bond length decreases in the order of [Fe2+O6] (2.16 
Å) ˃ [Fe3+O6] (2.02 Å) ˃ [Fe
3+
O4] (1.85 Å) [11]. The FWHM of the Lorentzian 
contribution to the absorption peak in the Mössbauer spectra is related to the distribution 
of the Fe‒O bond lengths for equivalent sites in glasses, which further indicates the 
uniformity of sites [20,29]. The FWHM values of iron sites for glasses in Table 2 
decrease in the order of Fe





changes, the broadening of absorption peaks for each iron site (increasing FWHM) 
indicates an increase of distortion and local disorder at the corresponding iron site [20,40]. 





(tet) sites decreases as does the average CNFe.  
 
4.2.  Phosphate tetrahedral network 
The introduction of metal oxides into metaphosphate glasses increases the O/P 
ratio and produces non-bridging oxygens: Fe‒O‒P and Na‒O‒P. The connectivity of the 
phosphate glass network through bridging P‒O‒P bonds is reduced and the average chain 
length of the phosphate anions decreases. In other words, as the O/P ratio increases, the 
fraction of Q
2
 sites decreases and the fraction of Q
1
 sites increases [32].  
The effects of composition on the relative concentrations of Q
i
 sites are shown by 
the changes in the relative peak intensities of the respective Raman spectra (e.g., Fig. 2). 
Fig. 8 (a) shows the effects of O/P ratio for the series with similar Fe/P ratios (0.23 ± 0.01) 
on the relative intensities of three Gaussian peaks used to fit the spectra, those associated 
with Q
0
 (970‒1020 cm‒1), Q1 (1030‒1100 cm‒1), and Q2 (1130‒1220 cm‒1) tetrahedra. 
With increasing O/P ratio in the polyphosphate glass range, the intensities of peaks 




 sites increase and the relative intensity of the Q
2
 peak 
decreases. The compositional dependences of the relative intensities of the appropriate 
Raman peaks are in qualitative agreement with the measured distributions of phosphate 
anions determined by high-pressure liquid chromatography (HPLC) [23]. Those data are 





The depolymerization of the phosphate network with increasing O/P ratio leads to 
systematic changes in the (POP)sym peak near 700 cm
‒1
.  As shown in Fig. 2, with 
increasing O/P ratio, a shoulder near 740 cm
‒1
 grows in intensity relative to the intensity 
of the peak at 700 cm
‒1
, becoming the dominant peak when O/P = 3.51.  The greater 
frequency peak is due to (POP)sym modes associated with chain-terminating Q
1
 tetrahedra, 
which dominate the phosphate structure at the pyrophosphate stoichiometry.  
As the Fe/P ratio increases for glasses with similar O/P ratios, both the (PO2)sym 
peak (1130‒1220 cm‒1) and (PO3)sym peak (1030‒1100 cm
‒1
) broaden, indicating a 
greater complexity of phosphate anions in these glasses. In addition, the Raman spectra 
for glasses with low O/P ratios (e.g., series B, O/P ~3.12) indicate a greater relative 
intensity for the (PO3)sym peak associated with chain-terminating tetrahedra for glasses 
with the greater Fe/P ratios (Fig. 8 (b)). To maintain the glass stoichiometry, either the 




 sites must stay the same as the Fe/P ratio increases, or 
additional Q
1
 sites must be balanced by the formation of new Q
3
 sites.  It is possible that 
the peak near 1300 cm
‒1
 in the spectra of glasses with greater Fe/P ratios in Fig. 3 (a) 
might be assigned to the (P=O)sym stretching mode on a Q
3
 tetrahedron [41], however, 
this assignment seems unlikely given the chemical reactivity of such sites. A more likely 
assignment for the 1300 cm
‒1
 peak is to (PO2)asym modes associated with Q
2
-tetrahedra.  
The increase in the relative intensity of the peak at 1068 cm
‒1
 may instead reflect a 
change in the overall distributions of phosphate chains and rings with increasing Fe/P 
ratio. The average chain length for a glass with an O/P ratio of ~3.12 is eight [23]. In the 
iron-free glass, the narrow Raman peak indicates that the distribution of chain lengths 





broader distribution of longer and shorter phosphate anions.  It is conceivable that, 
because of differences in symmetry and bond lengths, the Raman scattering cross-section 
of a (PO3)sym mode on a Q
1
 tetrahedron that terminates a small phosphate anion 
associated with an iron ion is significantly different from that on a Q
1
 tetrahedron that 
terminates a longer phosphate anion associated with sodium ion. Thus, changes in 
relative intensities of the associated Raman peaks do not necessarily indicate changes in 
Q-distributions. Unfortunately, the quantitative HPLC analyses for anion distributions in 
these sodium iron phosphate glasses were limited to glasses with O/P > 3.25 [23], and so 
an independent determination of the P-anion distributions in the glasses with greater 
phosphate contents is not available. 
The interpretation of the compositional dependences of the relative intensities of 
the (PO2)sym and (PO3)sym peaks for the O/P ~3.12 glasses is supported by the behavior of 
the (POP)sym peak in Fig. 3 (a). The peak maximum shifts to greater frequency, from 663 
to 710 cm
‒1
, as the Fe/P ratio increases, but the shape of the peak does not change. For 
compositions with increasing O/P ratios, a high frequency peak near 745 cm
‒1
 emerges as 
the fraction of Q
1
 tetrahedra increases (i.e., Fig. 2).  This new peak does not emerge in the 
series with the constant O/P ratio, indicating that the relative fraction of Q
1
 sites does not 
change. 
When O/P = 3.5, the pyrophosphate stoichiometry is reached and the dominant 
phosphate tetrahedron in the glass network is Q
1





 tetrahedra are also associated with these glasses (Fig. 3 (b) and Fig. 8 (c)). 





[23] are also shown in Fig. 8 (c). The uncertainty associated with the decompositions of 
the broad Raman spectra makes the qualitative trend not as clear as the HPLC results. 





in glasses with nominal pyrophosphate compositions [21,42]:  
                                                                          (1) 
The extent of these reactions determines the distributions of phosphate tetrahedra and 
phosphate anions. For glasses with similar O/P ratios, as the Fe/P increases, the 
disproportionation reaction shifts to the right and the distributions of Q
i
 sites and 
phosphate anions broaden.  
In the Raman spectra of glasses with similar O/P ratios (Fig. 3), the systematic 
variation, with Fe/P ratio, of the frequency of Raman peaks associated with the various 
stretching modes indicates that there is no preferential substitution of iron for sodium on 
any particular phosphate site [33], but does indicate that there are systematic changes in 
the nature of the average phosphate tetrahedron that constitutes the polyphosphate anions. 
This is consistent with studies of mixed cation metaphosphate glasses that indicate that 
the two non-bridging oxygens on a Q
2
 tetrahedron are bonded to both cations instead of 
preferring one or the other [43,44].  
The frequencies of the (PO2)sym and (POP)sym stretching Raman modes are 
determined by the chemistry of the cations associated with the non-bridging oxygens on 
the Q
2
 units and change significantly with cation field strength (cation charge/(radius)
2
) 
for binary phosphate glasses near the metaphosphate stoichiometry [45]. Table 4 and Fig. 
9 summarizes these effects from many Raman studies reported in the literature. The 





(Fig. 9 (a)) and (POP)sym (Fig. 9 (b)) vibrational modes within a particular series of 
compositions. However, the general dependence is more complex, reflecting different 
distributions and configurations of phosphate anions, as well as differences in the cation 
coordination environment.  
The Raman peak frequencies have been related to the degree of covalency of the 
P‒O and M‒O bonds, and to changes in the O‒P‒O bond angles in the phosphate 
tetrahedra [33,34,46,47]. As high field strength metal cations are introduced into a glass 
structure, an increase in the covalency of the M‒O bond results in an increase in the 
rigidity of the metaphosphate network as well as an increase in phosphate chain 
entanglement, which is consistent with an increase in the glass transition temperature 
[32,48]. For the Na‒Fe‒phosphate glasses with similar O/P ratios (e.g., series B), the 
frequency of the (PO2)sym stretching mode increases from 1142 to 1200 cm
‒1
 with 
increasing Fe/P. Because iron has a greater electronegativity than sodium, the average 
covalency of the P‒Onb will be reduced, leading to narrower average O‒P‒O bond angles 
and greater frequencies for the PO2 stretching mode [33,34,49,50].  
Studies have shown that the P‒O‒P symmetric stretching mode (680‒770 cm‒1) is 
sensitive to the configuration of the chains and to the cation polyhedra to which the 
chains are linked; this sensitivity is related to the delocalization of π-electrons in the P‒O 
bonds [49,51,52]. The frequency shift of the (POP)sym peak reflects the average cationic 
environment over distances greater than a single phosphate tetrahedron [57], and is 
affected by the field strength of the cations (Table 4, Fig. 9 (b)). In each metal cation 
group, the (POP)sym frequency for metaphosphate glasses generally increases with cation 





(POP)sym frequency, which is associated with the reduction of π bond character in 
phosphate tetrahedra [49,53,54]. For glasses with similar O/P ratios, the greater 
frequency of (POP)sym is associated with smaller P‒O‒P bond angles [33,47]. Similar to 
the FWHM of PO2-stretching modes, an increase in FWHM of (POP)sym suggests that the 
P‒O‒P environment is becoming more inhomogeneous with increasing Fe/P ratio [55]. 
For glasses with greater O/P ratios (≥ 3.27), the peak near 628 cm‒1 (e.g., Fig. 2 
and Fig. 3 (b)) decreases in intensity as Fe/P ratio increases. In the Raman spectra from 
alkali metaphosphate glasses, this narrow peak was observed to increase in intensity as 
the size of alkali increased, and this was attributed to an increase in the P‒O‒P bond 
angles associated with the stretching mode of ordered phosphate chains segments [32]. 
This straightening of the phosphate chains due to the ion constriction effect could be 
expected to occur in the vicinity of a larger cation in glass network [56]. For the sodium 
iron phosphate glasses in this study, the straightening of phosphate chains is expected 
more in glasses with greater O/P ratios and greater soda contents.  
There is an interesting correlation between the composition of the Na‒Fe‒
phosphate glasses and the intensity of the (POP)sym stretching mode (680‒770 cm
‒1
) 
relative to the intensity of the P‒Onb stretching mode (1040‒1200 cm
‒1
). Fig. 10 shows 
that for a series of glasses with similar O/P ratios, an increase in the Fe
3+
/P ratio 
correlates with a decrease in the relative intensity of the (POP)sym stretching mode. This 
same intensity ratio was found to decrease as ferric ions replaced ferrous ions in a series 
of sodium-free iron phosphate glasses with similar O/P ratios (~3.03) [10], and that data 
is also shown in Fig. 10. Nelson et al. related a similar dependence of the relative peak 





covalent character of the P‒Onb bond [34], but it is unclear what systematic changes in 
the nature of the bridging oxygen bonds might be responsible for trends in relative peak 
intensity shown in Fig. 10. 
 
5. Summary 
Raman and Mössbauer spectra collected from five series of Na2O‒FeO‒Fe2O3‒
P2O5 polyphosphate glasses provide information about the distributions of phosphate 
tetrahedra and the iron polyhedra that constitute the glass network.  
Three iron coordination sites are indicated by the isomer shifts of peaks in the 
Mössbauer spectroscopic results. With increasing Fe/P ratios for glasses with similar O/P 
ratios, the fraction of [Fe
3+
O4] increases and the distortion of the tetrahedral and 
octahedral Fe
3+
 sites increases. 
Systematic structural changes in the frequencies and peak intensities were 
observed in the Raman spectra for in-chain and out-chain stretching modes. The shifts of 
P‒Onb stretching modes and (POP)sym to lower frequency are associated with a greater 
average bond angles of O‒P‒O bond and P‒O‒P bond for lower Fe/P ratio glasses with 
similar O/P ratio. 
The replacement of sodium by iron causes wider distributions of phosphate anions 
resulted from the disproportionation reactions. Systematic Raman frequency shifts 
indicate that there is no preferential substitution of iron for sodium on any particular 
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Table 3 Summary of Raman band assignments for Na‒Fe‒phosphate glasses 
Raman frequency ranges (cm
‒1
) Assignment 
200‒660 Network bending [10,30,31] 
440‒580 O‒P‒O symmetric bond bending [30,31] 
540‒660 O‒P‒O asymmetric bond bending [30,31] 
680‒720 P‒O‒P symmetric stretch (Q2) [10] 
710‒770 P‒O‒P symmetric stretch (Q1) [10] 
890‒1000 P‒O‒P asymmetric stretch [10] 
970‒1020 PO4 symmetric stretch (Q
0
) [10] 
1030‒1100 PO3 symmetric stretch (Q
1
) [10] 
~1200 PO3 asymmetric stretch (Q
1
) [10] 
1130‒1220 PO2 symmetric stretch (Q
2
) [10] 









Table 4 Summary of average M‒O distance, field strength and coordination number (CN) 
of cations, (PO2)sym (1130‒1230 cm
‒1
), (POP)sym (660‒720 cm
‒1
) and intensity ratio 






(PO2)sym (POP)sym       











Li 2.01 0.25 3.9(5) 1175 699 0.56 [33,34,57,58,59,60] 
Na 2.46 0.17 5.0(4) 1166 681 0.42 [33,34,59,61,62,63] 
K 2.86 0.12 3.7(7) 1156 678 0.22 [33,34,63] 
Rb 2.90 0.12 5.0(5) 1151 667 ‒ [33,56,57,59] 





Cu 1.85 0.29 ‒ 1180 703 1.00 [47,64] 
Ag 2.49 0.16 3.4(3) 1146 680 0.37 [34,60,65] 




Mg 2.05 0.48 4.0(3) 1210 708 0.50 [34,66,67,68,69] 
Ca 2.39 0.35 5.3(2) 1179 694 0.43 [34,55,66,69,70] 
Sr 2.53 0.31 6.0(2) 1172 686 0.39 [34,71,63] 





Cu 1.95 0.53 ‒ 1188 714 0.75 [47,64] 
Zn 1.98 0.51 4.1(2) 1207 703 0.48 [34,46,64,68,69,72] 
Fe 2.16 0.43 6.1(5) 1170 683 0.55 [10,11] 
Mn 2.20 0.41 5.7(4) 1181 694 0.43 [34,71,73] 
Cd 2.30 0.38 ‒ 1173 700 0.50 [34,74] 
Hg 2.50 0.32 ‒ 1155 ‒ 0.48 [34] 
Pb 2.55 0.31 5.0(4) 1153 700 0.28 [34,65,68,75,76] 
Rare-earth 
(3+) 
La 2.43 0.51 6.4(6) 1179 696 0.45 [34,62,66,77] 
Ce 2.39 0.53 5.3(5) 1182 669 0.38 [34,77,78,79] 
Pr 2.37 0.53 6.4(6) 1186 696 0.43 [34,77,80,81] 
Sm 2.35 0.54 6.8(7) 1191 703 0.31 [62,77,82] 
Eu 2.32 0.56 6.1(6) 1193 708 0.37 [34,77,80,83] 





Al 1.82 0.91 6.0(2) 1222 715 0.56 [34,43,67,85] 
Ga 1.93 0.81 6.0(2) 1210 715 ‒ [49,86] 
Fe 1.99 0.76 6.1(5) 1184 720 0.12 [10,11] 



































Fig. 1. Compositional diagram of the Na2O‒FeO‒Fe2O3‒P2O5 glasses in this study. The 
black symbols are associated with analyzed compositions in series with similar O/P ratios: 





















































































































































































Fig. 4. Deconvolution of the Raman spectrum (black line) from the E-0.33 glass into 
seven Gaussian peaks in the range 650‒1400 cm‒1. The sum of the Gaussian peaks is 
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Fig. 5. (a) Mössbauer spectra of Na‒Fe‒P glasses with O/P = 3.49 ± 0.01; (b) 
Deconvolution of the Mössbauer spectrum (black dots) for the E-0.33 glass into three sets 




























































Fig. 6. Box chart of isomer shifts for sodium iron phosphate glasses. IS values for [FeO5] 


















































































(b) 3.5 3.4 3.3 3.2 3.1 3.0
O/P by ICP
 
Fig. 7. (a) Box chart of QS for sodium iron phosphate glasses; (b) QS for Fe
3+
 in 
octahedral and tetrahedral sites. Top x-axis (open symbols and dashed lines): QS 
changing with O/P ratio for sodium-free iron phosphate glasses; bottom x-axis (solid 
symbols and solid lines): QS changing with Fe/P ratio for E-series glasses with O/P = 
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Fig. 8. Relative intensities (left y-axis) of three Gaussian peaks in the range of 950‒1200 
cm
‒1. The peak positions are (□) 970‒1020 cm‒1 (○) 1040‒1090 cm‒1 (∆) 1130‒1200 cm‒
1
. Open symbols, dashed lines and right y-axis are the f(Q
i
) determined by HPLC [23]. (a) 
Glasses with Fe/P 0.23 ± 0.01; (b) Glasses with O/P = 3.12 ± 0.02; (c) Glasses with O/P 





























































































Fig. 8. Relative intensities (left y-axis) of three Gaussian peaks in the range of 950‒1200 
cm
‒1
. The peak positions are (□) 970‒1020 cm‒1 (○) 1040‒1090 cm‒1 (∆) 1130‒1200 cm‒
1
. Open symbols, dashed lines and right y-axis are the f(Q
i
) determined by HPLC [23]. (a) 
Glasses with Fe/P 0.23 ± 0.01; (b) Glasses with O/P = 3.12 ± 0.02; (c) Glasses with O/P 






































































Fig. 9. Distributions of Raman peak positions (cm
‒1
) with cation field strength 
(valence/Å
2
) for binary phosphate glasses near the metaphosphate composition. Data are 
also listed in Table 4. (a) (PO2)sym stretching (1130‒1220 cm
‒1
); (b) (POP)sym stretching 































 3.04 ± 0.01
 3.12 ± 0.02
 3.27 ± 0.02
 3.40 ± 0.03
 3.49 ± 0.01
 
Fig. 10. Intensity ratios for (POP)sym (680‒770 cm
‒1
) and POnb-stretching as function of 
Fe
3+/P ratios. Solid symbols for glasses in this study; open symbols (○) for soda-free iron 
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ABSTRACT  
The crystallization tendencies of five series of Na2O‒FeO‒Fe2O3‒P2O5 (NFP) 
glasses with different O/P (3.0‒3.5) and Fe/P (0.13‒0.67) ratios were studied. 
Characteristic temperatures, including the glass transition temperature (Tg) and 
crystallization temperature (Tx
h
), were obtained using differential thermal analysis (DTA), 
and liquidus temperatures (TL) were determined by microscopic evaluation of heat-
treated samples. The compositional dependence of glass structure and the characteristic 
temperatures are discussed. The glass stability (GS) against crystallization is described 
using parameters based on the characteristic temperatures. For the glass series with O/P 
ratios near the pyrophosphate composition (O/P ~3.5), the glass stability goes through a 
minimum value around Fe/P ~ 0.40, which corresponds to the crystalline phase 
NaFeP2O7. 
Keywords: iron-phosphate glass; thermal stability; glass formation ability; iron redox 
 
                                                 






As potential hosts to vitrify high-level nuclear waste (HLW), some phosphate 
minerals and iron phosphate glasses have advantages that include their chemical stability, 
resistance to radiation damage, and solubility for substantial quantities of actinides [1].
 
The excellent chemical durability of iron phosphate glasses is often equivalent to or 
better than many other nuclear waste storage hosts, including borosilicate glasses 
[2,3,4,5].
 
In addition, iron phosphate glasses can tolerate high concentrations of waste 
components, including alkali oxides (up to 20 wt%) and chromium oxide (up to 4.5 wt%) 
without deterioration of their good chemical durability [5,6]. Iron phosphate glasses with 
PbO have been developed for radiation shielding applications, including gamma-radiation 
[2,7]. Iron phosphate glasses have also been developed as biomaterials with tailored rates 
of degradation in aqueous environments and as corrosion-resistant, reinforcing fibers for 
composite materials [8,9,10,11]. Phosphate glasses containing divalent iron cations also 
exhibit interesting semiconducting properties, magneto-optical properties and magnetic 
transition properties, which can be used to design and apply as spin glasses or optical 
isolator and optical switch [12,13,14,15,16].
 
The fraction of Fe
2+
 ions in an iron phosphate glass varies with the initial batch 
materials and preparation conditions, increasing when ferrous raw materials are used 
and/or if melts are processed under reducing conditions [16,17,18]. The relative amount 
of Fe
2+
/Fetot is typically about 20% for the glasses made by conventional melting (in air) 
and quenching techniques [4,17,19].  
The structural complexity of iron phosphate glasses is increased by the distortion 





[20,21,22,23,24]. The structural complexity further changes the ability of an iron 
phosphate glass to incorporate a variety of elements into its structure, and affects the 
thermal stability of super-cooled iron phosphate melts against crystallization. 
Understanding the thermal stability of a glass against crystallization on heating is useful 
for sintering glass powders and designing nuclear waste storage hosts that may heat as a 
result of radioactive decay and geological thermal cycles [9,25]. Glass forming ability 
indicates the likelihood of cooling a melt from above the liquidus temperature to the glass 
transition temperature without crystallization [26]. Structural and kinetic approaches are 
used to understand the concepts of thermal stability and glass forming ability, and efforts 
have been made to relate these two concepts [26,27,28]. 
Several parameters regarding glass stability on heating are obtained from 
differential thermal analysis (DTA) or differential scanning calorimetry (DSC) 
experiments, which provide characteristic temperatures, including the glass transition 
temperature (Tg), the crystallization onset temperature on heating (Tx
h
), and the 
crystallization peak temperature on heating (Tc
h
) [28]. The melting point (Tm), solidus 
temperature (TS) and liquidus temperature (TL) of a composition are also important 
characteristic temperatures. From DSC/DTA data, the TS and TL could be determined for 
some glasses by the beginning (onset) and the end (offset) of the melting endotherms, if 
the endotherm also corresponds the first exotherm on the cooling curve [25,29,30]. For 
glasses without clear melting peaks, hot stage microscopy or the gradient furnace 
methods are used to measure the liquidus temperature [25,31]. 
Several important glass stability parameters that utilize the characteristic 





the increase in the difference between crystallization temperatures and Tg, indicates a 
greater resistance to crystallization on heating a glass or quenching a melt (better 
stability). For silicate glasses, studies have shown that an increase in glass stability 
parameters indicates a decrease in the critical cooling rate, and so an increase in glass 
forming ability [26,27]. Nascimento et al.[28] compared and evaluated these and other 
glass stability parameters and found that the Weinberg and Hrubӱ parameters, which 
include three characteristic temperatures, have the best empirical correlations with glass-
forming ability. 
The Na2O‒FeO‒Fe2O3‒P2O5 (NFP) glass system is a model for iron phosphate 
compositions used to vitrify high alkaline nuclear waste streams [32]. The glass-forming 
region and thermal properties of sodium iron phosphate and sodium-free iron phosphate 
glasses have been studied and reported in the literature [18,33,34,35], but less is known 
about the effects of glass structure and iron redox on thermal stability or crystallization 
behavior of these glasses. In the present work, five series of Na2O‒FeO‒Fe2O3‒P2O5 
glasses with different O/P (3.0‒3.5) and Fe/P (0.13‒0.67) ratios that cover the broad 
glass-forming range were prepared by conventional melting (in air) and quenching 
techniques. Glass stability against crystallization are described using the parameters in 
Table 1, and the effects of composition on thermal stability are discussed in terms of the 
network structure, stable crystalline phases and iron redox. Studies of the phosphate 








2. Experimental Procedures 
The experimental procedures for preparing and analyzing the sodium iron 
phosphate glasses used in this study have been described in a previous study [22,23]. 
Briefly, glasses were made from batches of raw materials including Na2CO3 (Alfa Aesar, 
≥ 98%), Fe2O3 (Alfa Aesar, ≥ 99%) and NH4H2PO4 (Alfa Aesar, ≥ 98%) that were melted 
in fused SiO2 crucibles (Leco #728-701) between 1000 °C and 1250 °C in air for two 
hours. Glass compositions, including small amounts of silica from the crucibles, were 
determined by inductively-coupled plasma optical emission spectroscopy (ICP-OES, 
PerkinElmer Optima 2000 DV, Norwalk, USA), and the fraction of iron present as Fe
2+
 
was determined by a wet chemical technique [36]. Compositional series with similar O/P 
ratios, from 3.0 to 3.5, are labeled from A to E as defined in a previous study [23]. For 
example, glass E-0.66 is a sample in the E-series with a batched O/P ratio of 3.5 and an 
analyzed Fe/P ratio of 0.66. 
Differential thermal analysis (Perkin Elmer, 7 series/UNIX DTA 7, Norwalk, 





(ºC). About 30 mg of glass powder with designated particle size 
ranges (75‒150 μm) were heated in an alumina crucible at 15 ºC/min under a nitrogen 
atmosphere (flow rate 30 cm
3
/min) from 25 to 1150 ºC. For most of the sodium iron 
phosphate glasses in this study, Tm, TS and TL could not be accurately determined from 
the DTA scans because of small and diffuse changes in heat associated with crystal 
melting [25]. The liquidus temperatures (TL) were determined instead by crystallizing the 
glass powders (75‒150 μm) in air by holding them for nine hours at the offset 





were identified by X-ray diffraction (XRD) with a Philips X’pert multipurpose 
diffractometer with PIXcel detector, using Cu Kα radiation and Ni filter, at 45 kV and 40 
mA.  The crystallized samples were then heated in air in a platinum boat for up to 30 
minutes at increasing temperatures, and then quenched and analyzed by optical 
microscopy (Hirox KH-8700 digital microscopy with MXG-2500 REZ zoom lens) and 
Raman spectroscopy (Horiba Jobin Yvon LabRAM Aramis μ-Raman with a 632.8 nm 
He-Ne laser and a 10× objective). The apparent TL was determined to be the midpoint 
between the highest temperature where crystals were observed and the lowest 
temperature where no crystals were observed [37]. 
 
3. Results 
3.1. Characteristic temperatures 
Fig. 1 (a) shows a DTA scan for the E-0.23 glass to indicate how the 
characteristic temperatures were determined. Fig. 1 (b) shows the DTA patterns for the E-
series (O/P = 3.49 ± 0.01) glasses.  Similar DTA data were collected for the other glasses 




 (°C), are given in Table 2. These 
temperatures were reproducible to ± 3°C based on multiple DTA runs of selected glasses. 
For a glass series with similar O/P ratios, the replacement of Na
+





ions affects the Tg and the crystallization behavior of the glasses. Fig. 2 shows a 
systematic increase in Tg with increasing Fe/(Na+Fe) ratio, although glasses with O/P ≥ 
3.4 exhibit maxima in Tg for Fe/(Na+Fe) ratios near 0.5‒0.7. A decrease in Tg is observed 
(Table 2) for the sodium-free iron phosphate glasses with increasing O/P ratio, from 





The crystalline phases that form when the E-series glasses were held for nine 
hours at the offset temperatures of the respective DTA exotherms were determined by 
XRD and are shown in Fig. 3 (a). The O/P ratio of this series is near the pyrophosphate 
stoichiometry (O/P = 3.5), and as the Fe/P ratio increases, the dominant crystalline phases 
are the related pyrophosphates that appear in the order Na4P2O7 (PDF 71-1631), 
Na7Fe3(P2O7)4 [38],  NaFeP2O7 (PDF 36-1454) and Fe4(P2O7)3 (PDF 36-318). For the Na-
free iron phosphate glasses, the crystalline phases evolve from Fe(PO3)3 (PDF 38-109), 
for glasses with O/P < 3.3, to Fe4(P2O7)3 (PDF 36-318) with increasing O/P ratios (Fig. 3 
(b)) [35].  
 
3.2. Thermal stability 
Fig. 4 shows an example of how the liquidus temperatures, TL, were determined 
in this study. The E-0.23 glass was held for nine hours at 557 ºC, the offset temperature 
of the DTA crystallization exotherm (Fig. 1 (a)), and the crystallized sample was then 
heated to the higher temperatures, held for 30 min, then cooled to room temperature and 
analyzed by optical microscopy and Raman spectroscopy. Crystals could be detected on 
the surface of the glass cooled from 830 ºC (Fig. 4 (a)). Raman spectra of these crystals 
(Fig. 4 (b)) indicate that they are likely Fe4(P2O7)3 [21,23]. No crystals were detected in 
the sample quenched from 847 ºC and this sample has a Raman spectrum similar to that 
from the sample quenched from 1100ºC (Fig. 4 (b)). Therefore, for the crystalized E-0.23 
samples, 830 ºC is the highest temperature where crystals were observed and 847 ºC is 





glass is taken as the midpoint, 839 ºC. The liquidus temperatures were measured by the 
same technique for the other glasses in this study, and are summarized in Table 2. 
Glass stability parameters KA, KW and KH (Table 1) were calculated from the 
characteristic temperatures and are given in Table 2. The compositional dependences of 
these three parameters are similar. Fig. 5 (a) shows a minimum in the stability parameters 
for the series E glasses (O/P ~3.49) for the composition Fe/(Na+Fe) = 0.33. Minima in 
the glass stability parameters also occur for the series of sodium-free iron phosphate 
glasses around O/P 3.3‒3.4 (Fig. 5 (b)).  
 
4. Discussion 
4.1. Glass transition temperature  
Fig. 6 (a) shows that the glass transition temperatures of the Na-free iron 
phosphate glasses decrease with increasing O/P ratio, consistent with literature [9]. A 
similar decrease in Tg with increasing O/P ratio was also noted for ZnO‒P2O5 
polyphosphate glasses [39]. The differences between the values of Tg measured in this 
study and those reported in the literature are most likely due to differences in composition, 
including the degree of iron reduction, Al2O3 contamination [9,24] or SiO2 contamination 
(this study), arising from differences in melting conditions.  
For phosphate glasses with O/P ratios in the range 3.0‒3.5, the ratio of the 
bridging oxygen (BO) connecting two phosphate tetrahedra to the terminal oxygen (TO) 
that link one P-tetrahedron to the modifying metal ion (Me) polyhedra, BO/TO, can be 














   
                                                            (1) 
The predicted ratios of BO/TO for NFP glasses in this study are consistent with the 
BO/TO ratios determined by HPLC analyses, as described in a previous study of 
phosphate anion distributions [22]. With an increase in O/P ratio, the number of relative 
longer (P–O)–Me bonds increases, and the relative numbers of shorter (P‒O)‒P bonds 
decreases, as does the average phosphate chain length. The shorter chains and weaker 
PO bonds correlate with the decrease in Tg temperature for the Na-free iron phosphate 
glasses. 
For glasses with similar O/P ratios but different modifying oxides, the bonds 
between the metal polyhedra and phosphate anions determine the compositional 
dependence of the glass properties, like Tg. In general, cations with greater field strengths 
increase the structural rigidity of the network, which increases the temperature required 
to activate rotational motions, and so increase Tg [40,41]. For a series of NFP glasses 
with similar O/P ratios, the replacement of lower field strength Na ions by Fe ions 
generally increases the glass transition temperature, as shown in Fig. 2 and Fig. 6 (b). For 
the NFP glasses with compositions near the pyrophosphate stoichiometry, however, there 
is a maximum in Tg with increasing iron content, as seen in the present study and 
reported in the literature (Fig. 6 (b)). Similar observations of a maximum Tg were also 
made for mixed alkali xNa2O–(20‒x)R2O–32Fe2O3–48P2O5 (R = K and Cs) glasses [33]. 
Such behavior cannot be explained by the simple modifier field strength argument 
outlined above. 
In the previous Raman spectroscopic study of these NFP glasses [23], it was 





(Onb) generally increased with an increase in iron content for glasses with similar O/P 
ratios. Fig. 7 shows some results from that study; here, the (PO3)sym modes are associated 
with non-bridging oxygens on Q
1
 tetrahedra and the (PO2)sym  are associated with NBOs 
on Q
2
 tetrahedra. The shifts to greater Raman frequencies can be associated with shorter 
average POnb bond lengths [21] or narrower average Onb–P–Onb bond angles [23,42,43], 
indicating that stronger POnb bonds may then be correlated with greater values for Tg.  
Supporting this correlation are the maxima in the (PO3)sym Raman frequencies for the 
glasses with O/P = 3.40 and 3.49 in the same compositional ranges, Fe/(Na+Fe) = 0.45‒
0.70, where there are maxima in the values of Tg. 
 
4.2. Glass forming ability and thermal stability 
Glass forming ability describes the ease of vitrification of a melt on cooling from 
TL to Tg, and so is affected by thermodynamic and structural factors as well as the kinetic 
process of glass formation [26,44]. Glasses that have two modifying cations with large 
differences in ionic field strengths will have large negative exothermic enthalpies of 
mixing for their melts (∆Hmix
 ˂ 0) [45], and so will favor homogeneous melts instead of 
phase separated ones [46]. Compared to Na
+
, iron cations are less basic and have greater 
electronegativity, and so the enthalpy of the formation of Fe‒O bonds is more negative 
than that of the formation of Na‒O bonds. At the same time, as the Fe content increases, 
the distribution of phosphate chains in a melt becomes broader, and the enthalpy for the 
endothermic disproportionation reactions (∆Hn) decreases [45]. These enthalpy changes 
indicate that the replacement of Na by Fe should improve the glass forming ability of a 





iron phosphate melts near the pyrophosphate composition are much better glass formers 
than are Na-pyrophosphate melts. 
From a structural view, a greater degree of P‒O‒P connectivity in a glass melt 
could provide steric inhibition to crystallization [39]. Therefore, vitrification is easier if 
there are relatively greater concentrations of longer phosphate chains or wider 
distributions of phosphate anions in the melts. The increased structural complexity that 
results from disproportionation reactions leads to good glass forming ability for 
pyrophosphate melts with high field strength cations (e.g., Fe, Zn, Cd, and Bi), compared 
to melts with K, Na, or Li [39]. 
Even though glass formation favors the presence of complex anionic structures in 
a phosphate melt, the stability of the competing crystalline phases also influences glass 
formation and needs to be taken into consideration [44]. Studies have shown that glass-
forming ability can be estimated by several thermal stability parameters (e.g., Table 1) 
defined by three characteristic temperatures [28]. Greater thermal stability is associated 
with lower critical cooling rates (qcr), and thus with greater glass forming ability.  
Thermal stability indicates the ability of glass to resist crystallization on heating. 
The compositional trends of the thermal stability parameters can be used to indicate 
trends in glass forming ability. A ternary contour map of the compositional dependence 
of the Hrubý thermal stability parameter, KH, is shown in Fig. 8, where KH is calculated 
from the measured characteristic temperatures shown in Table 2. Glasses with long 
phosphate chains (lower O/P ratio) or with low sodium contents generally have better 
thermal stability. Glass compositions with the lowest KH are close the compositions of 





For the E-series, near the pyrophosphate stoichiometry, thermal stability does not 
vary systematically with the Fe content (Fig. 5 (a)), but instead, the corresponding glass 
composition around the minimum in thermal stability readily crystallized on heating to 
form NaFeP2O7 (Fig. 3 (a)). Compositions of the crystalline phases identified by XRD 
(Fig. 3) are indicated in Fig. 8. Melts with compositions near other stable intermediate 
compounds are also associated with the lower glass forming ability [34]. 
The glass forming region for the Na2O‒Fe2O3‒P2O5 system determined by 
Parsons et al [34] shows a discontinuity around compositions near Na7Fe3(P2O7)4 (crystal 
2 in Fig. 8) and NaFeP2O7 (crystal 3 in Fig. 8). The crystalline phase NaFeP2O7 was 
observed in iron phosphate glass with 5 wt% Na2O and 30 wt% HLW (Fe/P ~0.43) [47]. 
Bingham et al. [48] report a limit to glass formation in the  [(1‒x)(0.6P2O5–0.4Fe2O3)] + 
xNa2SO4 system at 30‒40 mol% Na2O with a Fe/(Na+Fe) ratio ~0.38, similar to the 
minimum in glass forming ability near ~43 mol% Na2O and Fe/(Na+Fe) ~0.33 in Fig. 5 
(a). Dissolution studies for iron phosphate with the same waste loading have shown that 
glassy wasteforms have better chemical durability than crystallized wasteforms [5,6], and 
thus compositions with the lowest thermal stability should be avoided when designing 
waste glasses with greater chemical durability.  
The effect of the stability of the competing crystalline phases on glass formation 
cannot be ignored [44], which may mean that the best glass forming compositions in a 
system are not necessarily the eutectic compositions with the lowest liquidus 
temperatures. A study of the thermal stability of glasses from the ferric Fe(PO3)3‒
Fe4(P2O7)3 system shows that the KA and Kw parameters continuously decrease with 





ratio ~3.40 [9], which is very close to the eutectic point in the system of Fe(PO3)3‒
Fe4(P2O7)3 [37]. In the present study, for the sodium-free iron phosphate glasses, the 
thermal stability also exhibits a minimum value near O/P~3.36 (Fig. 5 (b)), with the 
formation of the mixed ferrous-ferric phosphate compound Fe4(P2O7)3. 
 
4.3. Effects of iron redox 
Phosphate melts prepared with Fe2O3 will partially reduce to form Fe
2+
 under 





 affects the physical and chemical properties of glass melts, including structure, 
viscosity, and the behavior of volatile components [49]. 
Under reducing conditions [16,17], the extent of Fe
3+
 reduction is determined by 
the partial pressure of oxygen or oxygen fugacity during melting [49]. For glasses melted 
in air, the melting temperature determines the ratio of Fe
3+
/Fetot, and the following 
reaction is endothermic [17,50,51], 
         
         
           
    
 
                                   (2) 
For iron pyrophosphate glasses melted in air, the equilibrium constant K of reaction (2) 
depends on the temperature according to [51,52],  
                                                             (3) 
and the enthalpy (∆H) of reaction (2) is calculated to be 131 ± 9 kJ/mol. For silicate 
glasses with iron less than 1 mol%, the enthalpy of reaction (2) was determined to be 
144~171 kJ/mol, which is larger than that for phosphate glass [50,52]. This is consistent 
with the observations that the relative amount of Fe
3+
 reduced to Fe
2+
 is smaller in silicate 





The distribution of phosphate anions will also be affected by the iron redox 
because the phosphate anions in the glass melts are in equilibrium with O
2‒
 as shown by 
reaction (4) [45], 
    
       
                                                          (4) 
Zhang et al [9] report an increase in the Fe
2+
/Fetot ratio with an increase in the O/P ratio 
for glasses melted at the same temperature, indicating that reaction (4) is favored for 
glasses with greater O/P ratios. The reduction of ferric ions to ferrous ions reduces the 
oxygen available to form smaller phosphate anions, and this in turn will affect the 
equilibrium between phosphate anions, as represented by [45,54], 
          
                  
                  
                      (5) 





 will result in greater amount of pyrophosphate anions in the glass network 
because of the  shift of the equilibrium of reactions (2) and (4) to the right. Studies have 
shown that the glass forming ability of the pyrophosphate melts deteriorates as the 
fraction of Fe
2+
 increases [18].  
The liquidus temperatures of the Na-free iron phosphate glass melts in this study 
are 40‒260 °C greater than the corresponding liquidus surface reported by Zhang et al. in 
a recent study of the Fe(PO3)3‒Fe4(P2O7)3 system [37]. This may be because the glasses 
in the present study are more reduced (Fe
2+
/Fetot ~ 0.19 ± 0.05 [23]) than the ferric 
materials studied by Zhang et al. [37], and are consistent with the increase in melting 
temperatures for sodium-free iron pyrophosphate glasses with an increase in Fe
2+
/Fetot 







The thermal stability and crystallization behavior of several series of Na2O‒FeO‒
Fe2O3‒P2O5 (NFP) glasses with different O/P (3.0‒3.5) and Fe/P (0.13‒0.67) ratios were 
studied. The glass transition temperatures were related to the nature of the P‒Onb bonds 
with the Na and Fe ions. The thermal stability against crystallization of sodium-free iron 
phosphate glasses is generally better than that of the sodium-containing iron phosphate 
glasses, and decreases with O/P ratio in the range 3.04~3.36. The minimum values of the 
thermal stability parameters correspond to the compositions of the stable crystalline 
compounds. The redox behavior of iron in the glass melts affects the glass thermal 
stability and the liquidus temperature, in part by affecting the phosphate anion 
distributions in the glass melts. 
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Fig. 1. DTA data for glass powders (75‒150 μm) heated in air at 15 °C/min. (a) E-0.23 
glass, showing the determination of the characteristic temperatures, the onset glass 
transition temperature (Tg), the onset crystallization temperature (Tx
h
), the crystallization 
peak temperature on heating (Tc
h
) and melting point (Tm); (b) E-series NFP glasses (O/P 
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Fig. 2. The dependence of Tg on Fe/(Na+Fe) for each series of NFP glasses, determined 
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Fig. 3. X-ray diffraction patterns of glasses heat treated for nine hours above the 
respective exothermic crystallization peaks from DTA. (a) E-series glasses (O/P = 3.49 ± 
0.01); (b) Sodium-free iron phosphate glasses with increasing O/P ratios. The identified 
crystalline phases are 1: Na4P2O7 (PDF 71-1631); 2: Na7Fe3(P2O7)4 [38]; 3: NaFeP2O7 
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Fig. 4. (a) Optical image of crystals on the surface of E-0.23 glass, initially crystallized at 
557 ºC for 9 hours, then reheated to 830 ºC for 30 minutes before quenching (×600); (b) 
Raman spectra of the crystallized E-0.23 glass after reheating to the temperatures 
indicated. The points where the spectra were collected from the 830 ºC sample are 









































































Fig. 5. Thermal stability parameters, KA, KW and KH, presented (a) as a function of 
Fe/(Na+Fe) ratio for the E-series glasses (O/P = 3.49 ± 0.01); (b) as a function of O/P 











































         Glass - O/P ratio
 This study - 3.40  0.03
 This study - 3.49  0.01
 Parsons (2008) - 3.26  0.03
 Parsons (2008) - 3.41  0.04
 Parsons (2008) - 3.60  0.04
 
Fig. 6. Tg values (a) changing with O/P ratio for Na-free iron phosphate glasses; (b) 
changing with the Fe/(Na+Fe) ratio for several series sodium iron phosphate glasses with 
similar O/P ratios. References as follow, Parsons (2008) [34], Zhang (2010) [9], Fang 
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Fig. 7. Raman peak position (cm
‒1
) of PO2 symmetric stretch and PO3 symmetric stretch 














































Fig. 8. Compositional dependence of the thermal stability parameter, KH. Crystalline 
phases marked by numbers are, 1: Na4P2O7; 2: Na7Fe3(P2O7)4; 3: NaFeP2O7; 4: 
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ABSTRACT  
The dissolution behavior of five series of Na2O‒FeO‒Fe2O3‒P2O5 glasses with 
ranges of O/P (3.0‒3.5) and Fe/P (0.13‒0.67) ratios were investigated in water using 
static and semi-dynamic tests. Glass composition, which determines the average 
phosphate chain length, affects the dissolution mechanism and kinetics. Initial dissolution 
is described by a 3D diffusion model (DM), whereas a contracting volume model (CVM) 
describes later dissolution kinetics. Temperature dependent rate parameters, KDM and 
KCVM, increase by several orders of magnitude with increasing Fe/P ratio, but are less 
dependent on the O/P ratio. The surface morphology and composition of the corroded 
glasses are characterized by analytical electron microscopy, which provides information 
about the change from DM to CVM kinetics.  
Keywords: iron-phosphate glass, dissolution behavior, kinetics 
                                                 






Information about the dissolution processes and ion release rates of phosphate 
glasses in aqueous environments is important for a wide range of engineering 
applications, from biomaterial design to nuclear waste remediation. Through 
compositional control, the solubility of phosphate glasses can be tailored to obtain ion 
release rates that vary by many orders of magnitude [1,2]. The chemical durability of 
phosphate glass has been related to the composition and structure. Studies have shown 
that the addition of alkali oxides to phosphate glasses increase their dissolution rates in 
aqueous environments, whereas the addition of alkaline earth and high field strength 
cations (e.g., CaO, MgO, CuO, Al2O3 and Fe2O3) generally improves the chemical 
durability [3,4,5]. 
Because they possess excellent chemical durability, often superior to silicate and 
borosilicate glasses, iron phosphate glasses with Fe/P ratios between 1:3 and 2:3 have 
been developed for the vitrification of high level nuclear waste (HLW) [6,7,8,9]. In 
addition, high concentrations of alkali oxides (up to 20 wt%) can be tolerated in the iron 
phosphate glasses without deterioration of their good chemical durability [7]. The 
chemical durability of iron phosphate glasses with simulated sodium bearing waste (SBW) 
and HLW meets all current US Department of Energy (DOE) requirements [6,10,11,12]. 
The degradation rates of Na2O‒CaO‒P2O5 glasses used as bioactive and 
bioresorbable materials can also be tailored by adding Fe2O3 to suit various end 
applications [13]. The good chemical durability of iron phosphate glasses has been 
attributed to their chemical structure. The hydration rates of phosphate chains decreases 





bonds [14]. For Na2O‒CaO‒P2O5 glasses doped with increasing amounts of Fe2O3, the 
contact angle of polar liquids increases, indicating a decrease in the total surface energy 
of the glasses and this has also been related to improved chemical durability [15]. For 




, the chemical durability is independent 
of the relative Fe
2+
 content [14]. 
The dissolution behavior of glass is determined by the reactions of the glass 
network and the release of different ions to the solution. Surface conditions and layer 
formation, saturation effects and solution chemistry must also be taken into account [16]. 
Often, the initial stage of corrosion is controlled by an ion exchange process or the 
diffusion of water into the glass network, followed then by the dissolution of the glass 
matrix with increasing depth of alkali depletion in the outer glass surface [1,12,16]. The 
hydration reactions between glass and water are based on the hydrolytic cleavage of 
bonds in the glass network that are related to different energies of hydration. The weakest 
bonds between metal ions and nonbridging oxygens, M‒Onb, react first during the 
dissolution process. The fraction of nonbridging oxygens (NBO) and the concentration of 
mobile ions (e.g., Na
+
) determine the initial glass hydration rates [17]. The rate of ion 
exchange across the hydration layer as well as the penetration of water into the bulk glass 
is determined by the surface concentration of the interdiffusing ions, the multi-component 
interdiffusion coefficient and the exchange potential of the interdiffusing species at the 
exchange site [17].   
One treatment of the glass/water reactions is based on transition state theory in 
combination with reversible and irreversible thermodynamics. Two main approaches, 





Models derived from these two approaches have been applied successfully to many 
corrosion studies of nuclear waste glasses [16,18,19,20,21]. Both the geochemical and 
thermodynamic approach to glass corrosion depend on a quantitative determination of the 
equilibrium, which is described by a complex solubility product changing with the 
amount of glass dissolved into solution [20,22]. The hydration and hydrolysis processes 
associated with glasses in aqueous solutions have been related to the free energy changes 
for reactions that occur between the glass constituents and the absorbed water molecules, 
and the overall free energies of hydration for different compositions were estimated [16]. 
The relationships between the calculated thermodynamic stability and glass dissolution 
rates can then be used to estimate the relative glass durability in aqueous solutions [18]. 
In the present study, the dissolution behavior of sodium iron phosphate glasses is 
systematically investigated by two types of dissolution tests. Leachate solution analysis 
shows that the congruence and leaching kinetics of each constituent is compositionally 
dependent. The kinetics that control glass dissolution are discussed with respect to the 
structure and composition of the corroded glass.   
  
2. Experimental Procedures 
2.1. Glass preparation 
The procedures for preparing and analyzing the structures of the sodium iron 
phosphate glasses used in the present study have been described in previous papers 
[23,24]. Briefly, glasses were made from batches of raw materials including Na2CO3 
(Alfa Aesar, ≥ 98%), Fe2O3 (Alfa Aesar, ≥ 99%) and NH4H2PO4 (Alfa Aesar, ≥ 98%) that 





air for two hours. Iron phosphate glasses were digested in 3‒7 M H2SO4 aqueous solution 
for 7 to 14 days at 80‒90 °C in closed Teflon containers, and cation concentrations, 
including small amounts of silica from the crucibles, were determined by inductively-
coupled plasma optical emission spectroscopy (ICP-OES, PerkinElmer Optima 2000 DV, 
Norwalk, USA). The fraction of iron present as Fe
2+
 was determined by a wet chemical 
technique [25]. Compositional series with similar O/P ratios (3.0‒3.5) are labeled from A 
to E according to their iron contents. For example, glass E-0.66 is a sample in the E-
series with a batched O/P ratio of 3.5 and an analyzed Fe/P ratio of 0.66. 
 
2.2. Dissolution studies 
Glass powders were ultrasonically prewashed in absolute ethanol to remove dust 
particles, and two types of corrosion tests with different experimental conditions were 
conducted: 
Test A (static): Glass powders (~200 mg, 300‒425 μm, triplicates) were placed 
into polypropylene tubes (Evergreen Scientific, 50 ml centrifuge tubes) with 50 ml of 
deionized H2O. The initial SA/V ratio (ratio of powder surface area to leachate volume) 
was held constant at ~24 ± 1 m
‒1
. These experiments were done at different temperatures 
(21, 40, 60 and 80 ºC ± 2 ºC).  
Test B (semi-dynamic): Glass powders (~450 mg, 150‒355 μm, triplicates) were 
sealed into small bags (~2 cm × 2 cm) made from Nylon mesh (Blick Art Materials, 284 
TPI mesh, opening size of 51 microns). Samples were put into 50 ml deionized H2O at 60 
± 2 ºC with SA/V ratio ~77 ± 2 m
‒1
, and solutions were replenished with 50 ml deionized 





For both tests, weight losses were measured, and ion concentrations (ppm levels) 
in leachate solutions were analyzed for specific time intervals using ICP-OES. Solutions 
for ICP were filtered to remove solid particles and diluted with 1wt% HNO3. Dilution 
factors were 1:9 or 1:99, depending on the predicted ion concentrations of the solution.  
The pH values of leachate solutions were measured using a pH electrode (Fisher 
Scientific accumet Research AR25). 
The surface morphologies and compositions corroded glasses were characterized 
by scanning electron microscopy (SEM) (FEI Helios NanoLab 600 DualBeam FIB/SEM) 
with energy-dispersive X-ray spectrometry (EDS). Samples were coated with carbon 
prior to these analyses. 
 
3. Results  
3.1. Static Dissolution  
The concentrations of ions released into solution were normalized to the initial 
glass composition. The normalized elemental mass release, NL(i) (mg/cm
2
), was 
calculated by Eq. (1),  
      
  
              
                                                      (1) 
where Ci is the measured concentration (ppm) of element i in solution, fi is the mass 
fraction (wt%) of element i in the initial glass, SA(t)/V is the time-dependent ratio of 
glass surface area (cm
2
) to leachate volume (L) [6]. Instantaneous release rates for each 
element can be determined from the slope,            , at any given time in the plot of 
NL(i) versus time [16]. If all glass constituents are released into solution in the same 





            is the same for all elements. The average release rate is equal to the 
instantaneous release rates only if NL(i) is linear with time. 
Fig. 1 (a) shows that for the static dissolution Test A, the amount of P released 
into water from the D-series glasses (O/P = 3.40 ± 0.03) decreases by nearly four orders 
of magnitude with an increase in the Fe/P ratio from 0.23 to 0.58.  Fig. 1 (b) shows the 
normalized mass release (mg/cm
2
) data for sodium, phosphorus and iron from the same 
series of experiments. Congruent dissolution is observed for glasses with low iron 
contents (Fe/P = 0.23 and 0.32), and preferential release of sodium is observed from 
glasses with greater iron content (Fe/P = 0.39 and 0.49); the glass with Fe/P = 0.58 is Na-
free. Fig. 1 (c) shows how the pH of the leachate solutions changes with time for the D-
series glasses.  In general, glasses with greater Na-contents (lower Fe/P ratios) create 
more basic leachate solutions. Static dissolution tests on the E-series glasses (O/P = 3.49 
± 0.01) showed similar results for the ion release data and leachate solution pH, with the 
latter increasing to 8.3‒8.7 for glass E-0.23. 
Fig. 2 shows some results from static dissolution (Test A) experiments for the B-
series of glasses.  These glasses have lower O/P ratios (3.12 ± 0.02) than the D-series, 
and so have longer average phosphate chains. Fig. 2 (a) shows the normalized mass 
release (mg/cm
2
) data for sodium, phosphorus and iron.  Once again, glasses with lower 
Fe/P ratios dissolve congruently, especially initially, whereas glasses with greater Fe/P 
ratios preferentially release elements in the order Na > P > Fe. In contrast to the glasses 
with greater O/P ratios, the pH values of the leachate solutions of the B-series glasses 
decrease with time, with the more acidic solutions associated with glasses with the lowest 





series glasses (O/P = 3.04 ± 0.01) showed similar compositional dependences of leach 
rates and leachate solution pH, with the latter decreasing to 2.9‒3.1 for glass A-0.13. 
About 3 mole% SiO2 was incorporated into the Na‒Fe‒phosphate melts from the 
crucible [23,24]. Fig. 3 shows the Si/P ratios in leachate solutions for the A-series glasses 
(O/P = 3.04 ± 0.01). The glasses with greater iron contents (Fe/P = 0.23 and 0.37) 
released substantially more Si than did the glass with Fe/P = 0.13.  The latter glass 
dissolved congruently. Similar results were observed for other glass series; glasses with 
greater iron contents released Si into DI H2O at relatively greater rates than other 
constituents.  
 
3.2. Semi-dynamic dissolution 
Fig. 4 (a) compares the normalized mass release (mg/cm
2
) data for sodium, 
phosphorus and iron from the C-series of glasses, (O/P = 3.27 ± 0.02), obtained in the 
static dissolution Test A, with that obtained from the semi-dynamic dissolution Test B. 
The glass with Fe/P = 0.23 dissolves congruently at a much greater rate when the solution 
is refreshed (Test B) than in static conditions (Test A).  For the more durable glasses with 
greater Fe/P ratios, there is less difference in the release rates for the two tests. Similar 
compositionally-dependent results were observed for other glass series tested by these 
two techniques. 
Fig. 4 (b) compares the effects of the testing protocol for two glasses with similar 
normalized mass release rates, but much different compositions. Glass A-0.23 has an O/P 
of 3.04 and glass E-0.33 has an O/P of 3.50.  Glass A-0.23 exhibits congruent dissolution 





preferential release of ions (Na > P > Fe) is evident after about 24 hours in static Test A. 
For glass E-0.33, both tests reveal congruent dissolution behavior for the entire 130 hours. 
Changes in solution pH and the Si release behavior were similar for the two tests.  
 
4. Discussion 
4.1. Dissolution kinetics 
Two shrinking-core models [26] are applied to the glass dissolution data. Glass 
particles are assumed to have spherical geometries and reactions between the aqueous 
solution and the glass particles are three dimensional (3D), occurring at the outer surface 
of the particles. The reaction interface moves into the particle and the unreacted glass 
core shrinks uniformly so that the reacting area decreases with reaction time.  
If a diffusion process controls the rate of reaction for spherical particles, a 3D 
diffusion model (DM) could be used to describe that reaction [27,28]:  
         ⁄      
                                                     (2) 
where is the mass fraction of a particle that has reacted in time t, and kDM is the 
temperature-dependent reaction rate parameter. 
A contracting volume model (CVM) would describe linear reaction kinetics, with 
a reaction rate parameter of kCVM, for spherical particles [27,28,29]:  
         ⁄                                                           (3) 
The P-release data for all static dissolution (Test A) experiments were analyzed to 
determine the time-dependence of (P) and then were fit by the DM and CVM rate 
equations. An example of the model-fitting is shown for glass B-0.12 in Fig. 5.  Initially, 





with the Diffusion Model (Eq. 2). After about fifteen hours, the release kinetics slow 
down compared to the original DM predictions, and are instead well-fit by the 
Contracting Volume Model (Eq. 3). 
Fig. 6 shows the two-model fit applied to glasses from the B-series (O/P = 3.12 ± 
0.02) and the D-series (O/P = 3.40 ± 0.03).  In every case, the initial P-release data fit the 
Diffusion Model and later data fit the Contracting Volume Model, although the reaction 
time where the transition from one model to the other differed for different glasses (Table 
1).  For glasses with longer phosphate chains (e.g., series B, O/P ~3.12), the transition 
time from DM to CVM does not change significantly with Fe/P ratio, whereas for glass 
series with shorter phosphate chains (e.g., series D, O/P ~3.40), the first stage controlled 
by the 3D diffusion mechanism is generally prolonged as Fe/P ratio increases.  
Fig. 7 (a) shows the dependence of kDM on the Fe/P ratio and Fig. 8 (a) shows a 
similar dependence of kCVM.  Clearly, glasses with greater iron contents react more 
slowly in both reaction regimes.  Fig. 7 (b) and Fig. 8 (b) summarize the compositional 
dependences of kDM and kCVM, respectively, for all glasses reacted in DI water using Test 
A. Here, it is apparent that the Fe/P ratio has a greater effect on the dissolution kinetics of 
the Na‒Fe‒phosphate glasses than the O/P ratio.  The slowest reacting glasses studied 
here are Na-free and have O/P ratios near 3.4. The superior chemical durability of this 
glass composition is attributed to the low rate of glass surface hydration. Bunker et al. [1] 
related surface hydration to inter-chain hydrogen bonding in the hydrated glass surface; 
two phosphate chain ends are linked by hydrogen bonds leading to longer effective chain 





The dissolution kinetics of Series D (O/P = 3.40 ± 0.03) glasses were determined 
at different temperatures using the static dissolution Test A, and activation energies (Q) 
were calculated assuming an Arrhenius dependence of the reaction rate constants on 
absolute temperature (T): 
              ⁄                                                     (4) 
where k0 is a pre-exponential factor and R is the gas constant. 
Fig. 9 (a) shows the Arrhenius analyses of the different ion release data sets for 
glass D-0.23, which exhibits congruent dissolution behavior. Also shown is an analysis of 
the reacted volume () based on the total ion release concentrations and on the weight 
loss data. Fig. 9 (b) shows that minima in the activation energies for the glasses from 
series D (O/P ~3.40) occurs at Fe/(Na+Fe) ~0.39.  
 
4.2. Dissolution mechanism 
Bunker et al. [1] developed the general description for the dissolution reactions 
between phosphate glasses and water. The first stage of dissolution is controlled by 
diffusion, including penetration of H2O into the glass network and diffusion of ions 
through the developing hydrated layer back into solution. Water hydrates the phosphate 
anions by reacting with the metal (Na,Fe) OP bonds that link neighboring P-anions: 
                         
                                          (5) 
At longer times, according to Bunker, linear reaction kinetics dominate as the 
hydrated metals and phosphate anions are released into solution. Under neutral pH 





representative of the P-anions in the original glass structure, making it possible to use 
solution techniques like chromatography to characterize phosphate glass structures 
[23,30]. 
The reaction rate constants for both the diffusion (Fig. 8) and the contracting 
volume (Fig. 8) models clearly show that increasing the relative iron concentration of a 
Na‒Fe‒phosphate glass reduces the dissolution rates of the glasses.  From Bunker’s 
model, smaller values of kDM might be interpreted as slower diffusion of water into a Fe-
rich glass and/or slower diffusion of reaction products through the hydrated layer, and the 
smaller values of kCVM may indicate slower hydration rates for FeOP bonds compared 
to NaOP bonds. 
Fig. 10 (a) compares α(P) obtained in the static dissolution Test A with those from 
the semi-dynamic dissolution Test B for the C-series of glasses (O/P ratio ~3.27). The pH 
values of the respective leachate solutions are shown in Fig. 10 (b). The pH reaches a 
constant value because the species released from the glasses form buffered solutions [1]. 
Replenishing the solution shortens the time duration of the first dissolution stage with 
greater rate parameter kDM, and the dissolution kinetics quickly enter the second stage 
with smaller rate parameter kCVM, which causes the initial α(P) to be smaller in semi-
dynamic Test B than in static Test A. However, because replenishing the solution 
increases the kCVM for the second stage, the α(P) in Test B becomes greater than in Test A. 
Glasses with high iron contents (e.g., C-0.49) have longer first stages (DM controlled) 







4.3. Dissolution and glass composition 
For sodium iron phosphate glasses in the present study, the dissolution behavior 
can be categorized into three types based on congruent dissolution or selective dissolution 
shown in compositional map of Fig. 11.  
Type I: glasses show selective dissolution for both stages. For example, for Na-
free iron phosphate glasses, the mass release rates of glass constituents level off after 
entering the second stage of dissolution, and an increasing the O/P ratio decreases kDM 
and kCVM (Fig. 7 (b) and Fig. 8 (b)). For this kind of dissolution process, ion 
concentrations in the leachate are far below the solubility limits, and saturation is not 
involved in the decrease in the mass release rates. No precipitation phases or alteration 
layers are observed on glass surfaces by SEM. EDS analysis (Table 2) indicate that the 
surface composition of these corroded glasses are similar to the initial, unreacted glass. 
This is inconsistent with the selective dissolution observation, which indicates that the 
surface alteration caused by selective leaching are below the detection limits of EDS 
analysis. A more exquisite characterization for glass surface is needed. 
Type II: glass show congruent dissolution for both stages. The first stage 
controlled by diffusion is usually too short to be observed, and glass dissolution quickly 
enters the second stage, where phosphate anions are released from the glass network, 
along with the metal ions, by hydration reactions at the glass surface [1]. An example of 
the surface morphology that develops for this kind of glass is shown in Fig. 12. The glass 
surface is covered by layers of etch pits that increase in size with corrosion time. Similar 
observations were made in a corrosion study of Na‒Ca‒phosphate glasses and were 





show the surface composition of the Type II corroded glasses are also similar to those of 
the original glasses. 
Type III: Glasses show congruent dissolution at the first stage, then show 
selective leaching at the second stage. For example, glass A-0.13, evenly distributed pits 
(0.3‒0.8 μm) form on glass surfaces during the first stage (DM) of dissolution (Fig. 13 
(a)). During the second stage (CVM), the mass release of glass constituents continuous 
and linear with the leachate becoming acidic (2.9‒3.1). Electron microscopy reveals that 
precipitates are present (Fig. 13 (b1)), and EDS indicates that these phases are Na-
deficient (Na/P ~0.03 and Fe/P ~0.57) (Table 2). More extensive surface precipitates, 
associated with etch pits, are shown in Fig. 13 (b2).   
Ion concentration analysis by ICP shows that the iron contents in leachate (ppm) 
for glass E-0.23 in Fig. 12 are about seven times greater than for glass A-0.13 in Fig. 13 
(b) and that the phosphorus concentration is about two times greater. This indicates that 
the pH value of the leachate influences the dissolution kinetics and the formation of 
precipitates. Acid environment in Type III promotes the sorption and co-precipitation 
processes, even though the ion concentration is much smaller than that in weakly basic 
leachate for Type II corrosion.   
 
4.4. pH prediction 
There are three types of sites on phosphate anions, each with a different acid 
dissociation constant (   ), that can be protonated in a leachate at an appropriate pH 





                                (6) 
Middle site 1 has a     value between pH 1‒2. Terminal site 3 has a     value around 
pH 12. The     values for terminal site 2 are sensitive to the presence of cations in 
solutions and vary between pH 3‒11 [1,32]. Therefore, for phosphate anions in the 
leachate solutions for this study, with final pH values from 3 to 9 (Fig. 1 (c) and Fig. 2 







 and the terminal sites 3 are all protonated. Terminal sites 2 are likely partially 
protonated and so can have a buffering effect on the solution pH. The greater the number 
of middle sites 1, the more negative the surface charge of the anion will be. However, 
according to Bunker et al. [1], there seems to be no correlation between the surface 
charge and the rate of glass dissolution.  
To predict the pH value of a leachate, the following assumptions are made: (1) 
There is no hydrolysis of phosphate chains released to solution over the course of the 
dissolution experiments; this is consistent with reports of hydrolysis rates in the literature 
[33]; (2) The phosphate anion distributions in solution are the same as those in the 
original glasses, as were determined by high-performance liquid chromatography (HPLC) 
and reported in a previous study [23]; (3) In a leachate solution , phosphate anions with 
chain lengths n > 2 have both anionic terminal site 2 and protonated terminal site 3 and 
can be described by the formula            
  ; (4) The iron redox in solution is the 
same as that in the original glass. 
The pH value of leachates in the static dissolution Test A reached a constant value 





the major anions in solution, the total number of terminal phosphates in chains released to 
the leachate solution can be determined from the total phosphorus released and the 
phosphate chain length distributions [23], and these can then be related to the solution pH 
value. Fig. 14 shows a correlation between the pH value and the concentration (mol) of 
terminal phosphates in the leachates from the static Test A experiments after 24 hours of 
dissolution of the two glass series near the pyrophosphate stoichiometry (series D, O/P 
~3.40).   
For a better prediction of solution pH, the charged species in a leachate, especially 




, need to be determined for different pH ranges 
according to their     values. Table 3 lists the     values of all the possible species in 
an aqueous solution containing Na, P, Fe, and Si ions. From these values, the major 
species and buffer reactions in the leachate solutions of Na‒Fe‒phosphate glasses with 
pH range 2‒7 and 7‒10 can be determined, and these are listed in Table 4. Because of 
high field strength, hydrated iron cations in aqueous solution attract electron density 
between the O and the H atoms, making weaker OH bonds and easier dissociation of the 
H
+
 ions from coordinated H2O [34].  
According to the principle of charge balance in solution, total positive charge (A) 
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At 25 ºC,  
     
                                                                (9) 
Combining equations leads to, 
                 
          
    
                                      (10) 
The concentration (mol/L) of hydrogen ions required to balance this charge is then 
calculated from, 
      
       √                 
 
                                              (11) 
The starting pH value of DI H2O used in this study is 6.11 ± 0.23 at room temperature. 
According to acid-base equilibria and mass balance of H2CO3 in DI H2O, the amount of 
CO2 in solution can be calculated as ~ 10
‒7
 mol for any leachate solution [36]. The 





a leachate are chosen for different pH ranges from Table 4, and then the pH values were 
calculated from equations 7‒11. The justifiability of the predicted pH value is verified by 
checking whether the chosen major species and buffer reactions can exist in the range of 
predicted pH value. If not, the major species need to be revised until the predicted pH 
value can pass the verification step. Fig. 15 shows the comparison of measured and 
predicted pH values of leachate solutions. For glass series with longer phosphate chains 
(e.g., O/P ~3.12, Fig. 15 (a)) and glasses with greater iron contents (e.g., Na-free iron 
phosphate glasses, Fig. 15 (b)), the verification step can be passed easily and the 
predicted pH values from the ion concentrations in leachate solutions are quite close to 
the measured pH values. For glasses with short phosphate chains, the verification step is 
more difficult to pass because of greater concentrations of orthophosphate and 
pyrophosphate anions involved in the buffer reactions. 
 
5. Summary 
The dissolution behavior of five series of Na2O‒FeO‒Fe2O3‒P2O5 glasses with a 
range of O/P (3.0‒3.5) and Fe/P (0.13‒0.67) ratios were investigated by static and semi-
dynamic dissolution tests in water. Selective leaching, with the preferential release of 
sodium and phosphorus, occurs for glasses with greater Fe/P ratios, whereas congruent 
dissolution is observed for glasses with lower Fe/P ratios. Two kinetic stages are 
observed for the dissolution processes. The first stage follows a 3D diffusion model and 
the second stage follows a linear contracting volume model. For glasses with greater O/P 





The rate parameter, kDM, for the 3D diffusion model and the rate parameter, kCVM, 
for the contracting volume model decrease by several orders of magnitudes with an 
increase in Fe/P ratio, and they are much more dependent on iron content than the O/P 
ratio (average phosphate chain length). pH values of solutions were predicted from the 
ion concentrations in leachate solutions  and are matched with the measured pH values. 
 
Acknowledgements 
The authors are very grateful to Missouri S&T colleagues Xiaoming Cheng, for 
her help with the ICP analysis, Jenhsien Hsu, for his help with SEM and EDS analysis, 
and Jaime George, for helpful discussion on dissolution kinetics. This work was 
supported by the Nuclear Energy University Program (US Department of Energy) under 












O/P Fe/P Average error 
A 3.04 0.37 18 2 
 
3.04 0.23 21 3 
 
3.03 0.13 18 2 
B 3.15 0.42 18 2 
 
3.10 0.32 21 3 
 
3.12 0.22 21 3 
 
3.13 0.12 12 1 
C 3.28 0.49 19 3 
 
3.25 0.38 18 3 
 
3.24 0.32 24 5 
 
3.27 0.23 18 2 
D 3.36 0.58 27 3 
 
3.38 0.49 26 2 
 
3.40 0.39 18 1 
 
3.42 0.32 15 3 
 
3.43 0.23 6 1 
E 3.48 0.66 24 5 
 
3.48 0.58 24 4 
 
3.48 0.48 36 1 
 
3.50 0.39 27 3 
 
3.50 0.34 6 1 
 






Table 2 Compositional differences between as-made and corroded glass surfaces. 
 Glass Unreacted Corroded 
Dissolution examples ICP-OES EDS 
 
  
Fe/P Na/P Fe/P Na/P Surface condition 
Type I A-0.37 0.37  0.34 (3)  
No precipitation phases  
or alteration layers are 
 observed.  
 B-0.42 0.42  0.40 (1)  
 C-0.49 0.49  0.49 (1)  
 E-0.66 0.66  0.64 (3)  
Type II E-0.23 0.23 1.28 0.26 (1) 1.29 (3) Fig. 12 
Type III 
A-0.13 0.13 0.61 
0.13 (1) 0.59 (1) Fig. 13 (a) 
 






Table 3 Acid dissociation constants (   ) of possible species in an aqueous solution 
containing Na, P, Fe, Si ions [35,36]. 
 
 
Aqueous acid-base equilibria Step     T (°C) 
          
                 
       2.17 25 
          
                 
      8.30 25 
               
     1 9.9 30 
        
          
      2 11.8 30 
        
          
      3 12 30 
       
         
      4 12 30 
             
     1 2.15 25 
       
        
      2 7.20 25 
      
        
      3 12.35 25 
               
     1 0.83 25 
        
          
      2 2.26 25 
        
          
      3 6.72 25 
       
         
      4 9.46 25 
             
     1 1.3 20 
       
        
      2 6.70 20 
            
     1 6.35 25 
      
       












Table 4 Major species and buffer reactions in leachate solutions of Na‒Fe‒phosphate 
glasses with pH ranges 2‒7 and 7‒10. 
 
 
pH  2‒7 pH 7‒10 
       
        
            
        
      
        
          
             
         
      
       
        
            
   
            
           
       
      
               
     
              
   
          
                 








Fig. 1. Glass series D (O/P = 3.40 ± 0.03) dissolved in DI H2O at 60 ± 2 ºC by static 
dissolution Test A. (a) Logarithm of normalized phosphorus mass release (mg/cm
2
). (b) 
Normalized mass release (mg/cm
2
) of sodium, phosphorus and iron. (c) pH values of 
leachate solutions. 

































































































Fig. 1. Glass series D (O/P = 3.40 ± 0.03) dissolved in DI H2O at 60 ± 2 ºC by static 
dissolution Test A. (a) Logarithm of normalized phosphorus mass release (mg/cm
2
). (b) 
Normalized mass release (mg/cm
2
) of sodium, phosphorus and iron. (c) pH values of 






























Fig. 2. Glass series B (O/P = 3.12 ± 0.02) dissolved in DI H2O at 60 ± 2 ºC by static 
dissolution Test A. (a) Normalized mass release (mg/cm
2
) of sodium, phosphorus and 
iron. (b) pH values of the leachate solutions. 
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Fig. 3. Si/P ratios in leachate solutions for glass series A (O/P ratio = 3.04 ± 0.01). The 
average Si/P ratio in these glasses 0.02 ± 0.01, indicated by the gray band.  
 
 








































Fig. 4. Comparison of normalized mass release (mg/cm
2
) of sodium, phosphorus and iron 
between static dissolution Test A and semi-dynamic dissolution Test B. (a) Glass series C 

























































































































Fig. 5. Static dissolution Test A: Mass fraction of phosphorus leached from glass B-0.12, 
(P), changed with dissolution time (hour), fitted by the 3D diffusion model (DM, 
dashed line) and contracting volume model (CVM, solid line). Temperature-dependent 







Fig. 6. Static dissolution Test A: (P) fitted by the 3D diffusion model (DM, dashed line) 
and contracting volume model (CVM, solid line); (a) Glass series B (O/P = 3.12 ± 0.02). 









































































































































































































Fig. 7. Static dissolution Test A: (a) The effect of Fe/P ratio on the rate parameter for the 







































































Fig. 8. Static dissolution Test A: (a) The effect of Fe/P ratio on the rate parameters for the 
contracting volume model, kCVM. (b) Compositional dependence of kCVM in room 






















































Fig. 9. Static dissolution Test A: (a) Arrhenius analyses of kDM for glass D-0.23; (b) 
Compositional dependence of activation energies for glass series D (O/P = 3.40 ± 0.03), 
based on individual ion release rates, total ion concentrations (, ) and weight loss 
measurement (WL, ). 











































Fig. 10. Comparison of mass fraction of phosphorus, (P), released from glasses and 
changes in leachate pH, for glass series C (O/P = 3.27 ± 0.02) for static dissolution Test 
A and semi-dynamic dissolution Test B. The lines are guides for the eyes.  




























































































Fig. 11. Compositional map for dissolution stage 1 (Diffusion Model), congruent 
dissolution behavior (gray) and selective leaching behavior (yellow). Compositional map 
for dissolution stage 2 (Contracting Volume Model), congruent dissolution behavior 


















Fig. 12. Surface morphology of glass E-0.23 after a static dissolution Test A in water for 














           
 
           
 
Fig. 13. Surface morphology of glass A-0.13 in static dissolution Test A. (a) 18 hours, pH 
value ~3.1. Greater magnification of specific area of (a1) is shown in (a2). (b) 84 hours, 
pH value ~3.0, two types of surface morphology are observed (b1 and b2).  
(a1) (a) (a2) 
(b1) (b2) (b) 
 3 µm  20 µm 






Fig. 14. Relationship between amount (mol) of terminal phosphate in solution and the pH 
value of leachates for glass series D (O/P ~3.40) and E (O/P~3.49). Lines are guides for 
the eye. 
 



























































Fig. 15. Comparison of measured (symbols) and predicted (solid lines) pH values of 
leachate solutions. (a) Glass series B (O/P ~3.12); (b) Na-free iron phosphate glasses.  
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3. CONCLUSIONS AND FUTURE WORK 
The research presented in this dissertation provides information and 
characterization techniques for the study of phosphate glass structure, dissolution 
behavior and thermal stability. The major research findings and their significance are 
summarized as follows. 
Distributions of phosphate anions (Pn) and phosphate tetrahedra (Q
i
) in a glass 
network can be quantitatively determined by HPLC techniques. This structural 
information can be used to explain the compositional dependence of the thermal 
properties, crystallization tendency, and the dissolution behavior of these glasses. The pH 
of aqueous leachate solutions can also be predicted from the ion concentrations in 
solution and the distributions of phosphate anions in the solutions. Understanding the 
relationships between glass structure and properties will be useful for the design of new 
phosphate glasses for different applications. 
The effects of iron on the properties of phosphate glasses were addressed in this 
dissertation. Iron promotes the disproportionation of phosphate anions, and so produces 
wider distributions of Pn units around the average phosphate chain length, which further 
improves glass forming ability, possibly greater thermal stability against crystallization. 
With an increase in iron content for glasses with similar O/P ratio, the average 
coordination number (CNFe) of the Fe ions decreased, and the distortion of the tetrahedral 
and octahedral Fe
3+
 sites increases, indicated by Mössbauer study. The interaction 
between phosphate anions and iron polyhedra causes systematic changes in the bond 





The thermal stability studies of Na-Fe-phosphate glasses in the polyphosphate 
range indicate that the presence of stable crystalline compounds with similar 
compositions have the strongest effects on the thermal stability of glasses. For the design 
of iron phosphate glasses used for nuclear waste verifications, the compositions around 
stable intermediate sodium iron phosphate compounds should be avoided.  
The dissolution behavior of Na-Fe-phosphate glasses was systematically studied. 
The map showing the compositional dependence of dissolution rate parameters will be 
useful for the compositional design of glasses for applications which are based on the 
tailored rates of degradation of phosphate glasses. The study on dissolution behavior of 
Na-Ca-phosphate glasses extended the knowledge about Na-Ca-phosphate dissolution in 
literature, from the metaphosphates to the polyphosphates. Compositional dependence is 
addressed for dissolution rate parameters and time duration of each dissolution stage. 
With an increase in O/P ratio, the glass chemical durability is improved with a prolonged 
the first stage, and activation energies decrease from 83 ± 5 kJ/mol for glass with O/P 
3.01 to 24 ± 4 kJ for glass with O/P 3.46. Comparing to the thermodynamic approach to 
the study of glass dissolution process in literature, distributions of the Q
i
 sites were 
considered for the calculation the Gibbs free energy of hydration (kJ/mol) instead of 
simply using glass composition. The Gibbs free energy of hydration decreases with 
increasing O/P ratio, which is consistent with the observations that glasses with greater 







 There remain several unresolved questions and interesting possibilities that need 
to be addressed in the future. 
Structural characterization for phosphate glasses with lower O/P ratios. Raman 
spectroscopy and HPLC are useful techniques to characterize distributions of phosphate 
anions or phosphate tetrahedral sites in glass networks, but both techniques have 
limitations to quantify the fraction of Q
i
 sites.  For Raman spectroscopy, quantitative 
analysis of structural units in glass network is difficult because of the unknown cross-
sections of fitted Gaussian peaks to the Raman spectra. For HPLC, overestimations of the 
O/P ratios and underestimated  ̅ for glasses with longer phosphate chains occurred. The 
separation efficiency of the liquid chromatography column is only one part of the reason 
for these problems, whereas the dissolution process of phosphate glass is probably the 
main cause for the inconsistent HPLC results. This can be seen from the following 
analysis. 
For phosphate glasses with average chain length > 12, it is difficult for the 
separation column used in this dissertation to quantitatively distinguish these large 
phosphate anions. These large anions come out of the column without full separation and 
















Figure 3.1 HPLC chromatographs of sodium-iron phosphate glass A-0.13 
 
 
For the determination of O/P ratios,  ̅ and Qi fractions, the hump is taken as a 
single phosphate chain (Pn), but actually it contains other phosphate chains longer than Pn, 
like Pn+1, Pn+2, etc. In the polyphosphate glass range, assuming there are no phosphate 
ring structures, for the determination of Q
i
 fractions associated with large phosphate 
chains,  (  ), there are 2 Q1 and (n‒2) Q2 tetrahedra in a single phosphate chain (Pn). 
Therefore, for all the large phosphate chains in the chromatographic hump, from Pn to Pm 
(m > n), the fraction of Q
1
 tetrahedra is given by, 
       ∑         
 
    
     
 
 
       
   
   
     
 
                          (1) 
where A(Pn) is the concentration of phosphorus associated with Pn. The fraction of Q
2
 
tetrahedra is given by, 
       ∑             
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where ∑        
 
  is the total concentration of phosphorus associated with hump, A(Ph). 
If one assumes that all of the phosphate chains in the hump are the same length, either the 
shortest possible (n) or the longest (m), then the differences of the calculated       and 
      between these two options would be,   
         
   
  
                                                           (3) 
         
   
  
                                                           (4) 
From Eq. (3) and Eq. (4), it can be seen by assuming all the phosphate chains in 
the hump have the same shortest length n,       is overestimated whereas       is 
underestimated. If n = 20, m = 200, and there are ~ 60 mol% P in the hump (e.g., glass A-
0.13 in Figure 3.1), the overestimated       < 5.4% and the underestimated       < 
5.4%, then the overestimated O/P would be < 0.03. Table 3.1 shows the O/P ratio 
determined from HPLC technique for sodium iron phosphate glasses with O/P < 3.3, the 
overestimated O/P is > 0.05. Therefore, the inaccuracy of HPLC results for iron 
phosphate glasses with O/P < 3.3 cannot be ascribed just to the separation efficiency of 
column.  
Studies have shown the catalytic effects of metal ions with high field strengths 
promote hydrolytic reactions of polyphosphate anions in aqueous solutions [1,2,3], so 
there is a possibility that long phosphate chains could be hydrolyzed to smaller segments 
by, for example, iron cations in a hydrated layer before or during the release of phosphate 
chains into solution, before the chelating EDTA
4-
 anions in solution could reduce the 




 ions. Future study of the catalytic effects of metal-





surface layers may be helpful in improving the utility of the HPLC technique for 
characterizing phosphate glass structures. 
Another issue that may contribute to inaccurate structural information by HPLC is 
the presence of Q
3
 sites in phosphate glasses with O/P < 3.3. The covalent M‒O bond, 
where M stands for one equivalent of any cation or organic radical in a phosphate 
composition, will promote the exchange between structural units in amorphous 
phosphates. This means that the site disproportionation reactions,           and 
          will be driven to the right [4]. Strauss et al. [5] studied chain branching 
in Na‒P metaphosphate glasses and estimated that the number of branches originally 
present in glass is of the order of one branch for every 1000 P atoms. Wiench et al. [6] 
found that Q
3
 sites were not stabilized by EDTA in dissolution solutions and the low 
concentrations (0.2~0.9%) of Q
3
 sites detected by solid state NMR for zinc 
polyphosphate glasses with O/P 3.0~3.11 could not be detected by HPLC. In the present 






 are less basic and have greater electronegativity, 
which cause less bond polarity and greater bond strength with oxygen; in addition, iron 
cations have greater field strengths compared to Zn
2+
. These conditions make the 
presence of Q
3
 sites possible for iron phosphate glasses with compositions close to the 
metaphosphate. According to the Antibranching Rule [4], the branching points are 
quickly degraded to end or middle groups in aqueous solution. Future study on the 
distribution, connection and proportion of Q
3
 sites in polyphosphate glass structure, as 
well as the dissolution mechanism of Q
3







Table 3.1 O/P ratio, average phosphate chain length ( ̅) and Qi fractions of sodium iron 
phosphate glasses with O/P < 3.3 determined from HPLC results. 
 
ICP  HPLC 
O/P and  ̅ Fe/P O/P  ̅ Q0 Q1 Q2 
Series A 0.33 3.29 3.26 8.32 41.04 50.64 
O/P = 3.04 ± 0.01 0.23 3.26 3.45 6.76 38.55 54.68 
 ̅ = 19 ~ 32 0.13 3.10 7.77 1.12 18.01 80.87 
Series B 0.40 3.29 3.22 7.55 43.46 48.98 
3.12 ± 0.02 0.33 3.30 3.19 7.54 44.23 48.24 
 ̅ = 7 ~ 10 0.23 3.17 5.28 2.70 27.93 69.37 
 0.13 3.18 4.81 2.72 31.24 66.04 
 
 
Dissolution behavior. In the present study, the dissolution behavior of sodium 
calcium phosphate glasses and sodium iron phosphate glasses were investigated in DI 
H2O, but no detailed studies were done under other pH conditions. In the literature, 
dissolution rates of phosphate glasses have been related to the pH value of aqueous 
solutions [7]. For the Li2O/Na2O‒CaO‒P2O5 glasses in Bunker’s study [7], dissolution 
rates are the lowest in the range pH 5 to pH 9. Similar results were observed when 
buffered solutions were used to dissolve the sodium calcium phosphate glasses in the 
present study (Figure 3.2). However, phthalate and phosphate anions in the buffered 
solutions may affect the dissolution processes involving the phosphate chains from the 
glass surface due to greater ionic strength of the leaching solution, compared to the 
earlier experimental conditions [7,8]. For the Na2O‒FeO‒Fe2O3‒P2O5 glasses in this 





Laboratory experience shows that the dissolution rate of iron phosphate glasses increases 
in H2SO4 solutions with an increase in O/P ratio [9], but decreased in DI H2O; see the 
fourth paper in this dissertation, “Dissolution behavior of Na2O–FeO–Fe2O3–P2O5 
glasses”). A systematic study of the dissolution of phosphate glasses in solutions with 
different pH conditions and ionic strengths is needed to achieve a thorough understanding 





 consumed and the glass dissolution rate could be determined, and will provide a 
more detailed picture of the glass dissolution processes. 
 
 


































Figure 3.2 Dissolution rates of xNa2O‒xCaO‒(100‒2x)P2O5 glasses with different O/P 
ratios in buffer solutions at 25 °C for 500 hours. Buffer solution (50 ml): pH4 from 
potassium hydrogen phthalate (KHP), pH7 from Na2HPO4 and KH2PO4, pH 10 from 






Generally, dissolution behavior of phosphate glasses includes two processes, 
hydration and hydrolysis, which may happen at the same time for some compositions. 
The glass dissolution rate is mainly controlled by the glass hydration, but also affected by 
the hydrolysis of phosphate chains in solution or in the hydrated layer, because the glass 
dissolution rate is also as a function of local pH value. In a future study, these two 
processes need to be clearly separated through solution analysis and the characterization 
of the structure and composition of hydrated layer, along with more quantitative data on 
glass structure and thermodynamic data, to achieve a better predictive model for long 
term glass dissolution for varies applications.  
 
Phase diagram. Glass formation and phase equilibria in the Fe2O3–P2O5 system 
have been thoroughly investigated by Zhang et al [10,11,12]. However, the 
corresponding detailed information on the sodium iron phosphate system is scarce in the 
literature. In this dissertation, the study of crystallization behavior of sodium iron 
phosphate glasses focused on the effects of glass composition, stable crystalline phases, 
and iron redox on glass thermal stability and glass forming ability. However, the 
investigation of other sodium iron phosphate systems must still be done. In future studies, 
the determination of phase diagram for Na4P2O7‒Fe2(P2O7) system and Na4P2O7‒
Fe4(P2O7)3 system will be useful and helpful for the compositional design of sodium iron 
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A. DISSOLUTION BEHAVIOR OF Na2O‒CaO‒P2O5 GLASSES 
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A series of xNa2O‒xCaO‒(100‒2x)P2O5 (NCP, 24 ≤ x ≤31, 3.0 ≤ (O/P) ≤ 3.5) 
glasses were reacted in deionized water for different times and temperatures. Dissolution 
rates were determined from weight loss measurements and from the concentrations of 
ions released to the water using inductively-coupled plasma optical emission 
spectroscopy (ICP-OES). These Na‒Ca‒phosphate glasses dissolve congruently in DI 
H2O, with the relative concentrations of ions in solution the same as those in the original 
glasses. The dissolution rate constants decrease by an order of magnitude as the O/P ratio 
of the glass increases from 3.0 to 3.5. Dissolution mechanisms were studied and 
dissolution exhibits both linear and square-root time dependences, depending on the 
conditions. The activation energy of glass dissolution was found to decrease, from 83 ± 5 
kJ/mol to 23 ± 5 kJ/mol, with an increase in the O/P ratio. The Gibbs free energy of 
hydration was calculated from the glass composition by considering the appropriate 
sodium and calcium phosphate compounds, and this increased with increasing O/P ratio.  
Keywords: Phosphate glass; dissolution behavior; Gibbs free energy of hydration; HPLC  
 
                                                 






Bioactive and bioresorbable glasses have been studied and developed for tissue 
engineering applications with the goal of promoting cell functionality [1]. Silicate, borate 
and phosphate based bioactive glasses have been fabricated as scaffolds for bone 
regeneration, glass fibers for antibacterial or trace element delivery systems and muscle 
regeneration, and nanofiber glasses for venous stasis wounds healing in soft tissue repair 
[1,2,3,4].  
Bioactive phosphate glasses, including those in the Na2O‒CaO‒P2O5 system, are 
degradable in aqueous environments [5,6]. Through compositional modifications, the 
solubility of phosphate glasses can be tailored to obtain a wide range of ion release rates 
for many applications. Increasing the CaO, CuO, Al2O3 and Fe2O3 contents of phosphate 
glasses decreases their dissolution rates in aqueous solutions [2,3,7]. Phosphate glasses 
with controlled ion release rates have been developed to treat trace-element deficiencies 
in animals or used as agricultural fertilizers [8]. The addition of copper and silver are 
known to have positive effects on the local treatment of infections [9,10], and phosphate 
glass fibers incorporating Al2O3 and Fe2O3 have been used for regeneration of skeletal 
muscle [11,12]. The polymeric structure of the phosphate anions in metaphosphate 
glasses allows for easy fiber drawing from glass melts [11,12,13], and the metal chelating 
properties of the phosphate anions may enhance the growth of bone cells [14,15,16].  
Debate remains about the phosphate glass dissolution mechanisms. For Na2O‒
CaO‒ metaphosphate glasses, Bunker et al. [7,17] observed an initial dissolution stage 
with square-root time dependence for weight loss, and linear time-dependence in a 





and the second stage to the hydration of phosphate anions and their release to solution. 
The initial square-root time dependence was not observed in other studies [3,18,19], and 
it appears that there are other important factors that affect the dissolution kinetics of 
phosphate glasses in solution, including surface layer formation and the solution 
chemistry. For example, an increase in ionic strength of the leaching solution can modify 
the electrostatic interactions between the polyphosphate chains in the hydrated surface 
layer and decrease the dissolution rate [18]. Hydrated layers that develop on the surfaces 
of metaphosphate glasses in acidic solutions appear to have the same composition and 
structure as the pristine glass [18]. 
From a thermodynamic viewpoint, glass corrosion processes can be understood in 
terms of the reactions that produce complex solubility products when the glasses dissolve 
[20,21]. The hydration processes involved in these reactions are related to the free energy 
changes for reactions that occur between the glass constituents and the absorbed water 
molecules, and the overall free energies of hydration for different glass compositions can 
be estimated from the glass compositions [22]. The relationship between the calculated 
thermodynamic stability and glass dissolution rate can then be used to estimate the 
relative glass durability in an aqueous solution [23].   
In the present work, the dissolution behavior of Na2O‒CaO‒P2O5 (NCP) glasses 
with a range of O/P ratios (3.0‒3.5) were studied to provide further insight into the 
mechanism of phosphate glass dissolution. High-pressure liquid chromatography (HPLC) 
was used to characterize the phosphate anion distributions in the original glasses. The 
dependence of dissolution behavior on glass composition and structure, defined by the 





2. Experimental Procedure 
2.1. Glass melting and compositional analysis 
Sodium calcium phosphate glasses, with the batched composition (Na2O/CaO 
ratio = 1) given in Table 1, were prepared from raw materials including Na2CO3 (Alfa 
Aesar, ≥ 98%), NaPO3 (Fisher Scientific, ≥ 98%), CaHPO4 (Fisher Scientific, ≥ 99%), 
and NH4H2PO4 (Alfa Aesar, ≥ 98%). Batches that produced 50g of glass were thoroughly 
mixed and melted in Al2O3 crucibles (AdValue Technology, High Form 99.6%) between 
900 °C and 1200 °C in air for one hour. The melts were poured into graphite molds (10 × 
10 × 50 mm) and annealed ±5 °C around the appropriate glass transition temperature (Tg) 
for 4‒12 hours. 
Glass compositions were determined by inductively-coupled plasma optical 
emission spectroscopy (ICP-OES, PerkinElmer Optima 2000 DV, Norwalk, USA). Glass 
powders (75‒150 μm) were digested in 3 wt% HNO3 aqueous solution for 4 days at 
60 °C in closed Teflon containers. Solutions for ICP were diluted with 1 wt% HNO3 
aqueous solution, with dilution factors of 1:9 or 1:99, depending on the expected ion 
concentration of the solution.  
 
2.2. Dissolution test 
Samples of annealed glass, approximately 12.0 × 9.0 × 1.5 mm were sliced and 
polished to a finish of 1200 (P-4000) grit with silicon carbide paper (ALLIED High Tech 
Productes, # 50-10040), then cleaned with ethanol. These pieces were suspended in 50 ml 
of deionized water using Zebco Omniflex Line (OMNIFLEX4LB). The initial ratio of 
glass surface area to leachate volume (SA/V ratio) was 0.06 ± 0.01 cm
-1





times, sample weight loss was measured, the ion concentrations in leachate solutions 
were analyzed using ICP-OES, and the pH values of the leachate solutions were 
measured (Fisher Scientific Accumet Research AR25). 
Two types of corrosion tests were conducted and each test was done in triplicate 
for each glass composition: 
Test A (static): Bulk glasses were suspended in deionized H2O at different 
temperatures (8 °C to 90 °C ± 2 °C). At specific time intervals, glasses were removed 
from solution, rinsed in absolute ethanol, and then dried at 90 °C for two hours. The 
weight loss and pH value were measured, and the solutions collected for ICP-OES. 
Test B (semi-dynamic): Bulk glasses were suspended in deionized H2O at room 
temperature (22 ± 2 °C). After samples were removed, weight losses recorded and 
solutions analyzed as described for Test A, the leachate solutions were replaced with 50 
ml deionized H2O. 
 
2.3. Structural analysis 
Phosphate anion distributions in the starting glasses were characterized by high-
pressure liquid chromatography (HPLC, Dionex ion chromatography system). Glass 
powders (75‒150 μm, 200 mg) were partially dissolved for different times (2‒12 hour) in 
an aqueous solution (50 ml) with 0.22 M NaCl + 5 mM Na4EDTA and a pH of 10. 









3.1. Glass compositions 
The analyzed glass compositions, shown in Table 1, differ in several ways from 
the batched compositions because of volatilization of phosphorus from the melts and the 
dissolution of small amounts (0.1‒5.6 mol %) of Al2O3 into the melts during glass 
preparation.  The O/P ratios listed account for these compositional variations. Glasses 
prepared at higher temperatures generally had higher amounts of Al2O3. 
 
3.2. HPLC study 
Fig. 1 shows HPLC chromatographs of glasses with O/P ratios between 3.01 and 
3.48. The area under each absorption peak (Pn) is proportional to the concentration of 
phosphorus associated with specific phosphate anions with n PO4 tetrahedra, 
(PnO3n+1)
−(n+2)
 [24]. The broad hump in the chromatographs of glasses with O/P ≤ 3.17 
are unresolved anions with n greater than about 12. As the O/P ratio increases, the 
relative concentration of shorter phosphate anions increases. When O/P reaches 3.48, the 
main phosphate anions in the glass structure are the pyrophosphate (P2, 66%), 
orthophosphate (P1, 25%), triphosphate (P3, 8%) and tetraphosphate (P4, 1%).  
A comparison of the O/P ratios and average phosphate chain lengths ( ̅) 
calculated from the HPLC data with values calculated from the analyzed glass 
compositions is shown in Fig. 2 (a). The determination of the overall O/P ratios and  ̅ is 
described in a previous study [24]. For glasses with O/P ≤ 3.17, the hump is taken as a 
single phosphate chain (Pn), even though longer phosphate chains will be present. This 





compared with the values calculated from the analyzed compositions (Fig. 2 (a)). For 
glasses with O/P > 3.1, there is a good agreement between the values expected from the 
ICP compositions and the values measured by HPLC; this indicates that the structural 
information obtained by HPLC is representative of Na‒Ca‒phosphate glasses with O/P > 
3.1.  
Fig. 2 (b) shows the fraction of phosphate tetrahedra with different bridging 
oxygens (Q
i
, where i is the number of bridging oxygens on a P-tetrahedron) determined 
from the relative concentrations of phosphate anions from the HPLC chromatographs. 
Similar to what was found for sodium iron phosphate glasses in a previous study [24], the 
actual distribution of Q
i
 sites falls between an ideal Flory distribution and what is 
expected from chemical simplicity (zero site disproportionation), especially for glasses 
with greater O/P ratios. For an ideal Flory distribution [25], the equilibrium constant 
K(Q
1
) for a disproportionation reaction of Q
i
 sites (Eq. (1)) equals 0.25 [24] in 
polyphosphate range (O/P 3.0‒3.5),  
                                                                  (1) 
If there is no site disproportionation in the melt, then K(Q
1
) = 0. The information on the 
distribution of Q
i
 sites in the glass network will be used below for the estimation of 
overall Gibbs free energies of hydration for different glass compositions. 
 
3.3. Dissolution behavior 
Mass release data for sodium, calcium and phosphorus determined by ICP 
analyses were normalized to the initial glass composition and surface area by Eq. (2), in 





fraction (wt%) of element i in the original glass, and SA/V is the ratio of glass surface 
area (cm
2
) to leachate volume (V) [26], 
              
  
           
                                            (2) 
If every glass constituent is released into solution in the same proportion as it is 
present in the original glass, then congruent dissolution is observed, and             
will be the same for all elements [22]. The normalized mass release (mg/cm
2
) data during 
the semi-dynamic (Test B) experiments for several NCP glasses are shown in Fig. 3. 
Congruent dissolution was observed for all glasses up to ~ 500 hours of dissolution time 
at room temperature (22 ± 2 °C). Ion release rates decrease with increasing O/P ratio in 
the glass compositions. 
Fig. 4 shows how the pH of the leachate solutions changes with time for the 
different glasses in the static dissolution Test A. Glasses with greater Na2O/CaO contents, 
and so shorter phosphate chains (greater O/P ratios), produce leachates with greater pH 
values. Ahmed et al. [27] show a similar decrease in solution pH for the dissolution of 
Na-Ca-phosphate glasses near the metaphosphate stoichiometry. 
 
4. Discussion 
4.1. Dissolution kinetics 
Fig. 5 shows the mass fraction of glass dissolved () in Test A (solid symbols) 
and Test B (open symbols). With an increase in O/P ratios, semi-dynamic dissolution 
Test B promotes faster dissolution of bulk phosphate glasses comparing to the static 





Fig. 6 shows an example of how kinetic models fit the dissolution data for the 
glass with O/P ~3.48. Here, Bunker’s two-stage model was applied [17]: the first stage is 
described by square-root time dependence (Eq. (3)) and the second stage is described by 
linear time dependence (Eq. (4)).  
      
                                                            (3) 
                                                                    (4) 
The dissolution rate of the pyrophosphate glass is significantly faster in Test B, where 
fresh DI water replaces the leachate after each weight loss measurement, and there is a 
clear transition from square-root time dependence (solid line) to linear time dependence 
(dashed line) after about 100 hours.  The dissolution kinetics for static Test A are fit by 
the square-root time dependence to 450 hours.  These results indicate that for this glass, 
the solution chemistry affects the dissolution kinetics [18]. Similar kinetic model fitting 
was done for all dissolution data. 
Bunker noted that the transition time between the first and the second stage was 
dependent on the glass composition and the pH value of the aqueous solution [17]. In the 
present study, for glasses with O/P ratios in the range 3.01‒3.17, the first stage (t1/2) is not 
clear, and linear time dependence was observed throughout the experiment. For glasses 
with O/P ratios in the range 3.293.48, as O/P ratio increases, the first stage of square-
root time dependence is prolonged and the dissolution rate parameters (k1 and k2) 
obtained from the fitting results decrease, as shown in Table 2. The replenishing of 







4.2. Activation energy 
The temperature dependence of the dissolution of the glass with O/P=3.04 is 
shown in Fig. 7 (a).  As noted above, this glass exhibits only linear (stage 2) dissolution 
kinetics at each temperature between 8 and 90°C, and the rate parameter, k2, increases 
with temperature.  Similar experiments were done on other glasses and the second stage 
rate parameters were used to calculate activation energies for dissolution, using the 
Arrhenius relation in Eq. (5), where k0 is the pre-exponential term, Q is the activation 
energy, R is the gas constant (J/K/mol), and T is the absolute temperature.  
             ⁄                                                      (5) 
Fig. 7 (b) shows that the dissolution activation energy decreases with increasing O/P ratio. 
The actication energies for the two glasses with compositions near the metaphosphate 
stoichiometry are similar to what Bunker et al. [17] reported for the dissolution of a glass 
with the nominal molar composition 30Na2O‒20CaO‒50P2O5 (~ 67 kJ/mol), and to what 
Gao et al. [28] reported for the dissolution of a glass with the nominal molar composition 
25Na2O‒25CaO‒50P2O5 (~ 79 kJ/mol).    
 
4.3. Gibbs free energy of hydration 
The dissolution rates of glasses in aqueous solutions have been related to the 
overall Gibbs free energy of the glass-water reactions [22], and a linear relation has been 
observed for silicate nuclear waste glasses [23].  
The Gibbs free energy of hydration for phosphate glasses was estimated by 
considering the glass as a mixture of phosphate compounds. When phosphate glass 





accompanying metal cations and entire chain is released into solution [17]. HPLC results 
for the glasses studied here show that three types of phosphate tetrahedra are present in 






 (Fig. 2 (b)). Since the thermodynamic data for the 
hydration of specific phosphate anions are unavailable, phosphate glasses in this study 
are assumed to be composed of mixtures of sodium, calcium and aluminum phosphate 
compounds, and the dissolution processes of the glasses are described by the reactions of 
these compounds with water or H
+
 in solution. The Gibbs free energy of hydration at 
298.15 K for various sodium, calcium and aluminum phosphate compounds are listed in 
Table III. The relative fraction for these compounds can be calculated from the 
distribution of Q
i
 sites in glass network by assuming that the Na/Ca/Al ratios for each 
type of phosphate (e.g., orthophosphate) is the same as the compositional ratios in the 
bulk glasses (~ 2). The overall Gibbs free energy of hydration for a glass is then the sum 
of the Gibbs free energy of hydration of each phosphate compound,  
      ∑                                                                 (6) 
where xi is the molar fraction of each phosphate compound in one molar of phosphate 
glasses, and          is the Gibbs free energy change of corresponding water-compound 
reaction [22]. 
Fig. 8 (a) shows the Gibbs free energy of hydration (kJ/mol) of one molar glass 
dissolved in DI H2O changes as a function of the O/P ratio of the glass.  The glass 
dissolution rate parameter, k2, and activation energy, Q, are also shown in Fig. 8 (a). An 
increase in the O/P ratio increases the Gibbs free energy of hydration, which is consistent 
with the observations that glasses with greater O/P ratios have a lower dissolution rates. 





           
               
                                       (7) 
where the slope is (1.88 ± 0.19) and the intercept is 3.13 ± 0.21. From the information 
on glass composition and Q
i
 distributions, this hydration free energy model can be used 
to explain the compositional dependence of the glass dissolution rates and predict the 
dissolution rate parameter, k2. 
 
5. Summary 
Sodium calcium phosphate glasses with compositions in the polyphosphate range 
(O/P ratio 3.0‒3.5) dissolve congruently in DI H2O.  The dissolution processes were 
characterized with a two-stage dissolution kinetic model: the first stage is described by 
square-root time dependence and the second stage is described by linear time dependence. 
With an increase in O/P ratio, the first stage is prolonged and the dissolution rate 
parameters decrease, the glass chemical durability is improved. The replenishing of 
leachate solution increases the glass dissolution rate at the second stage. 
With an increase in O/P ratio, activation energies decrease from 83 ± 5 kJ/mol for 
glass with O/P 3.01 to 24 ± 4 kJ for glass with O/P 3.46. Distributions of the Q
i
 sites 
determined from HPLC techniques were used to calculate the Gibbs free energy of 
hydration (kJ/mol) for each composition by assuming glass is a mixture of sodium and 
calcium phosphate compounds. The Gibbs free energy of hydration decreases with 
increasing O/P ratio, which is consistent with the observations that glasses with greater 
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Table 1 Batched and analyzed compositions of the Na‒Ca‒phosphate glasses. 
Batched Composition Analyzed Composition  Analyzed 
mol% mol% (RSD < 4 %) 
 
P2O5 Na2O CaO O/P P2O5 Na2O CaO Al2O3 O/P 
38 31 31 3.32 35.9 31.6 29.1 3.3 3.48 
40 30 30 3.25 36.1 31.4 29.9 2.6 3.46 
42 29 29 3.19 38.5 29.3 26.6 5.6 3.44 
44 28 28 3.14 41.4 29.3 26.1 3.2 3.29 
48 26 26 3.04 45.1 28.3 24.0 2.6 3.17 
45 27.5 27.5 3.11 48.5 26.5 21.9 3.1 3.09 
50 25 25 3.00 48.6 26.5 24.3 0.7 3.04 






Table 2 Summary of dissolution rate parameters (k1 and k2) for Test A and Test B. 
O/P ratio 














 time (hour) 
3.01 ‒ 25.3 (7) < 25 ‒ 30.0 (5) < 25 
3.04 ‒ 21.5 (2) < 25 ‒ 20.1 (1) < 25 
3.17 ‒ 11.2 (2) < 25 ‒ 11.7 (2) < 25 
3.29 9.9 (14) 6.5 (9) ~46 ‒ 11.0 (6) ~25 
3.44 9.6 (11) 6.2 (10) ~70 9.2 (13) 10.2 (8) ~45 
3.46 7.4 (13) 2.8 (2) ~140 6.4 (10) 4.9 (9) ~66 










Table 3 Gibbs free energies of hydration at 298.15 K for various sodium and calcium 
phosphate compounds.  
 
Reactions Keq Ref. 
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 O/P by ICP
 
Fig. 2. (a) A comparison of O/P ratios (left axis) and average phosphate chain-length ( ̅) 
(right axis) determined from the HPLC chromatographs with those predicted from the 
glass compositions (solid line). The dashed curve is  ̅ predicted from analyzed 
compositions. (b) Distribution of Q
i
 sites for the Na‒Ca‒phosphate glasses calculated 
from the respective chromatographs. The solid lines are the predicted f(Q
i
) without site 
disproportionation. The dashed lines are f(Q
i


































Fig. 3. Normalized mass release (mg/cm
2
) of sodium, phosphorus and calcium from 































Fig. 4. pH of the leachate solutions for static dissolution Test A at room temperature (22 
± 2 °C). The open symbols are from reference [27] with SA/V ratio ~0.18 cm
‒1






































































Fig. 5. Fraction of Na‒Ca‒phosphate glass dissolved () in Test A (solid symbols) and 

















Dashed line:  = k
2
 t
 Static Test A
























Solid lines:  = k

 t
1/2   
 
Fig. 6. Fraction of glass (O/P ~3.48) dissolved in Test A and Test B. The solid lines are 
the square-root time model (Eq. (3)), and the dashed line is the linear time model (Eq. 

































































-3    O/P ratio
 3.01, Q = 83  5 kJ/mol
 3.04, Q = 61  2 kJ/mol
 3.29, Q = 23  5 kJ/mol
 3.44, Q = 34  3 kJ/mol












Fig. 7. (a) Temperature dependence of the P-released from the glass with O/P ratio ~3.04; 
lines are fit (R
2
 > 0.999) by Eq. (4) with slopes providing values for k2; (b) Arrhenius 
plots of k2 for five different glasses. Lines are linear fits and their slopes provide the 





















































    



































Fig. 8. (a) Left axis: Gibbs free energy (∆Ghyd) of hydration and dissolution activation 
energies (Q) for the Na-Ca-phosphate glasses dissolved in DI H2O. Right axis: 
dissolution rate parameter (k2), from Test A change with O/P ratio. Lines are guides for 
the eye. (b) Linear relation between k2 and ∆Ghyd, line is linear fit and equation indicated 
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B. DISSOLUTION BEHAVIOR OF Na2O‒FeO‒Fe2O3‒P2O5 GLASSES IN ALKALI 
AQUEOUS SOLUTIONS 
Lina Ma, Richard K. Brow*, Mark E. Schlesinger 
Department of Materials Science & Engineering, Missouri University of Science & 
Technology, Straumanis-James Hall, 1400 N. Bishop Ave, Rolla, MO, USA 
 
ABSTRACT  
The dissolution behavior of a series of Na2O‒FeO‒Fe2O3‒P2O5 glasses, with O/P 
~3.40 and Fe/P ratios in the range 0.23‒0.58, in alkaline solutions (pH range 10‒13) was 
investigated. Two dissolution stages were identified: the first stage is described by a 3D 
diffusion model (DM), and the second stage is described by the contracting volume 
model (CVM). Glasses dissolve more rapidly with increasing pH and with decreasing 
Fe/P ratio. Iron-rich precipitates form in leachates and on corroded glass surfaces. 
Keywords: iron-phosphate glass, dissolution mechanism, alkali solution 
 
                                                 






Iron phosphate glasses with Fe/P ratios between 1:3 and 2:3 show remarkably 
good chemical durability and so are promising alternatives for vitrifying nuclear waste. 
An increase in Fe2O3 content improves the chemical durability of phosphate glasses to an 
extent that it is comparable to silicate and borosilicate waste glasses [1,2,3,4]. Good 
chemical durability is also observed for iron phosphate glasses with fairly high alkali 
oxides and chrome oxide contents [2,5]. The chemical durability of iron phosphate 
glasses containing simulated sodium bearing waste (SBW) and high level nuclear waste 
(HLW) meet all the current US Department of Energy (DOE) requirements, evaluated by 
Product Consistency Test (PCT) and Vapor Hydration Test (VHT) [1,6,7,8]. 
For disposal of nuclear waste by vitrification, the radioactive waste must be 
incorporated into glass hosts (e.g., borosilicate), then buried in geological disposal sites 
with a series of barriers to prevent the hazardous radionuclides from reaching the 
environment [9,10]. Therefore, the safety of nuclear waste disposal must consider the 
breach of barriers under the temperature, pressure and geologic conditions of the 
repository, and requires that the vitrified nuclear wastes be resistant to corrosion by 
percolating geological fluids and the stability of waste form would be maintained against 
the leaching and transport of radionuclides in aqueous environment [10]. Significant 
studies have been done to investigate the dissolution behavior of iron phosphate glasses 
and simulated waste forms with the aim of providing an alternative to the currently 
methods of nuclear waste disposal [1,2,3,8,9,11].  
Glass dissolution behavior is mainly controlled by the breakdown of the glass 





formation, saturation effects and solution chemistry are also taken into account [12]. The 
hydration reaction between glass and H2O is based on the hydrolytic cleavage of glass 
network bonds. Usually, the initial stage is controlled by the ion exchange process, then 
followed by the matrix dissolution with increasing depth of alkali depletion in the outer 
glass surface [12]. Two main approaches, geochemical and thermal dynamic, have been 
used to study the glass dissolution process. Models derived from these two approaches 
have been applied successfully to many corrosion tests of nuclear waste glasses 
[12,13,14,15,16]. 
The good chemical durability of iron phosphate glasses has been related to the 
glass structure. Structural models were developed to explain the reduction in phosphate 
chain hydration rates with increasing iron oxide content, through an increase in the 
number of chemical stable POFe bonds and a decrease in the overall surface energy 




, the chemical durability 
is independent of the Fe
2+
 content in glass [17]. 
In the present study, the dissolution behavior of a series of sodium iron phosphate 
glasses in KOH solutions (pH = 10‒13) is investigated using ion concentration 
measurements and weight loss measurements, and compared with dissolution processes 
in neutral and acidic aqueous solutions.  
  
2. Experimental Procedures 
The preparation and compositional characterization of the Na2O‒FeO‒Fe2O3‒
P2O5 glasses used in this study are described elsewhere [19]. Briefly, glasses were made 





Aesar, ≥ 99%) and NH4H2PO4 (Alfa Aesar, ≥ 98%) that were melted in fused SiO2 
crucibles (Leco #728-701) between 1000 ºC and 1250 ºC in air for two hours. Iron 
phosphate glasses were digested in 3‒7 M H2SO4 aqueous solution for 7 to 14 days at 80‒
90 °C in closed Teflon containers. Cation concentrations, including small amounts of 
silica from the crucibles, were determined by inductively-coupled plasma optical 
emission spectroscopy (ICP-OES, PerkinElmer Optima 2000 DV, Norwalk, USA), and 
the fraction of iron present as Fe
2+
 was determined by a wet chemical technique [20]. 
Compositional series with similar O/P ratios (3.0‒3.5) are labeled from A to E. For 
example, glass D-0.32 is a sample in the D-series with a batched O/P ratio of 3.4 and an 
analyzed Fe/P ratio of 0.32. 
Glass powders with particle size 75‒150 μm were ultrasonically cleaned with 
absolute ethanol and used in static dissolution tests. About100 mg glass powder was put 
into 30 ml aqueous solutions at room temperature (23 ± 2 ºC) for specific time intervals 
and all experiments were run in triplicate. Leachate solutions include DI H2O, KOH 
solutions (pH from 10 to 13) and 0.1 M HCl (pH = 1). The weight loss of glass samples 
was measured. Ion concentrations in leachate solutions were analyzed using inductively-
coupled plasma optical emission spectroscopy (ICP-OES, PerkinElmer Optima 2000 DV, 
Norwalk, USA). Solutions for ICP were filtered to remove solid particle and diluted with 
1wt% HNO3. Dilution factor is 1:9 or 1:99, depending on the predicted ion concentration 
of the solution.  
The concentrations of leached glass constituents in solution were normalized to 
the glass composition. The normalized elemental mass release, NL(i) (mg/cm
2
), was 





solution, fi is the mass fraction (wt%) of element i in unleached bulk glasses, SA(t)/V is 
the ratio of time-dependent glass surface area (cm
2
) to leachate volume (L) [1]. Surface 
area at specific time SA(t) is used to account for the contraction of the glass particles as 
they dissolve.  
      
  
              
                                                     (1) 
Surface morphology of corroded glasses coated by carbon was characterized by 
scanning electron microscopy (SEM) (FEI Helios NanoLab 600 DualBeam FIB/SEM). 
Na/P and Fe/P ratios on the surfaces of corroded glasses were determined using the 
energy-dispersive X-ray spectrometry (EDS) detector associated with the FEI Helios 
NanoLab 600 DualBeam. 
Corroded glass surfaces were also characterized by X-ray diffraction (XRD) using 
a Philips X’pert multipurpose diffractometer with PIXcel detector, with Cu Kα radiation 
and Ni filter, at 45 kV and 40 mA. 
 
3. Results  
3.1. Glass dissolution  
Figure 1 compares the weight loss (%) behavior of glass D-0.32 in different 
aqueous solutions. The weight loss rate in DI H2O is the lowest, whereas the weight loss 
in the pH 13 KOH solution is about 50% after 24 hours with reddish brown corrosion 
products peeled off from glass surface. The pH value shifts from 12.8 to 12.3 after 24 
hours. Scanning electron microscopy shows that precipitates formed on the glass 
corroded in the KOH solution (Figure 2 (a)), and EDS analysis shows that the Fe/P ratio 





amounts of leached iron ions were precipitated in the KOH solution; however, XRD 
shows that the reddish brown corrosion products are amorphous (Figure 2 (b)).     
 
3.2. Dissolution mechanism 
As was done in the earlier study of the dissolution behavior of sodium iron 
phosphate glasses in DI H2O, the 3D diffusion model (DM) and contracting volume 
model (CVM) were used to describe the time-dependence of the mass fraction of glass 
dissolved () [21,22,23]. For glass powder in spherical geometries, if a diffusion process 
controls the rate of reaction, a 3D diffusion model (DM) could be used to describe that 
reaction [21,22]:  
         ⁄      
                                                   (2) 
where α is the mass fraction of a particle that has reacted in time t, and kDM is the 
temperature-dependent reaction rate parameter. 
A contracting volume model (CVM) would describe linear reaction kinetics, with 
a reaction rate parameter of kCVM, for spherical particles [21,22,23]:  
         ⁄                                                         (3) 
Figure 3 is an example of mass fraction of glass leached, (glass), from glass D-
0.32 in pH 10 M KOH aqueous solutions. The first dissolution stage is described by the 
3D diffusion model (DM), and the second stage is described by the contracting volume 
model (CVM). Similar model fits were done for the dissolution data for the glasses in the 
series with a constant O/P ratio. Figure 4 shows how the rate parameters, kDM and kCVM, 
change with glass compositions and with different aqueous solutions. For example, kDM 





of kCVM show similar trends with those of KDM, except for glasses with low iron contents 
(e.g., Fe/P ratio = 0.23 glass). Figure 4 indicates that the alkaline conditions increase the 
dissolution rates of iron phosphate glasses with greater iron contents by several orders of 
magnitudes if comparing the dissolution rates in DI H2O. 
 
4. Discussion 
An increase in dissolution rate parameters with KOH concentrations (Figure 4) 
could be attributed to the reaction of iron ions with OH
‒
 to form the precipitation 
products shown in Figure 2.  These reactions breaks the network on the glass surface and 
expose fresh surface to the aqueous solutions. Figure 5 shows the Fe/P ratios of ions 
released after two hours to solutions with  different concentrations of KOH from the 
glasses with O/P ratios ~3.40. The Fe/P ratios in the original glasses are represented by 
the horizontal lines. Fe/P ratios in solutions are all below those in bulk glasses for all 
glass compositions. An increase in the concentrations of KOH increases the Fe/P ratios in 
solution, especially for glasses with greater iron contents, but not obviously for glasses 
with lower iron contents, which is consistent with the observations that the dissolution 
rate parameters for phosphate glasses with greater iron content increases with an increase 
in KOH concentration. 
 
5. Summary 
The dissolution behavior in alkaline solutions (KOH) of Na-Fe-phosphate glasses 
with O/P ratios ~3.40 was studied. Two dissolution stages were identified: the first stage 





contracting volume model (CVM). The OH
‒
 concentration (pH) has significant effects on 
the dissolution rates of these glasses, especially for glasses with greater iron contents, for 
which the rate parameters increase with an increase in the concentrations of KOH. 
Formation of a precipitating phase in solution may promote the dissolution of glasses 
with great iron contents by continually exposing fresh surfaces to the solutions. 
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Table 1 Composition of surface products of glass D-0.32 in 0.1M KOH solution for 22 
days. 
 
mol% Na Si P K Fe Fe/P Na/P 
Corrosion Products (EDS) 8.2 (16) 6.4 (8) 22.8 (29) 20.6 (31) 42.0 (57) 2.0 (9) 0.4 (2) 
















Figure 1 Weight loss (%) of glass D-0.32 in different aqueous solutions at 22 ºC. 

























 0.1 M KOH with pH 12.3~12.8 
 0.1 M HCl with pH 1.3~1.4





    
 
Figure 2 Glass D-0.32 in 0.1M KOH solution for 22 days. (a) Surface morphology by 
SEM; (b) X-ray diffraction pattern of precipitates. 






















































Figure 3 Mass fraction of glass leached, (glass), from glass D-0.32 in 0.0001 M KOH 
aqueous solutions (pH = 10). The solid line is fitted by 3D diffusion model (DM), and the 
dashed line is fitted by contracting volume model (CVM). Rate parameters for these two 







Figure 4 Changes in rate parameters with Fe/P ratio for glass series with similar O/P ratio 
~3.40 in aqueous solutions. The solid symbols are the rate parameters for diffusion model, 
kDM. The open symbols are the rate parameters for contracting volume model, kCVM. The 
lines are guides for the eye.  
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Figure 5 Fe/P ratios of ions released after two hours to KOH solutions from glasses in the 
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